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Abstract
To meet the increasing demand for advanced portable power units, for example for use in
personal electronics and robotics, a number of studies have focused on portable small gas
turbines. This research is concerned with gas turbine generator units in the 1 kW range.
The compact and small-scale architecture of the portable gas turbine engine poses major
challenges in the acoustic treatment that is required to attenuate the broadband and tonal
noise of the high-speed turbomachinery. The challenge in the thermal management is the
relatively large required cooling mass flow and the short flow mixing length, constrained
by package size considerations. The objective is to conceive a proof-of-concept engine
package with exhaust temperatures of 60 'C and a noise signature below 50 dBA at a
distance of 7 m.
Various liner materials and configurations were investigated in an anechoic chamber
using a modular silencer test rig. Acoustic liners based on porous fiber material were
developed for both cold intake and hot exhaust gas silencers to reduce the broadband noise.
The source noise simulations combined with the measured silencer noise reduction show
noise levels below 50 dBA in all directions. A parametric silencer configuration study
was carried out to determine the trade-off between liner volume, surface area, and noise
reduction. The liner material was demonstrated to withstand hot gas conditions at 700 "C.
A mixer/ejector based cooling scheme was proposed and experimentally investigated
using vortex generator rings and multi-walled ejectors to enhance the mixing. Although the
augmentations achieved a satisfactory mass flow ratio of 16.8:1, hot spots still exist at the
exit of the relatively long mixer duct due to the high area-ratio of the ejector configuration.
It was concluded that implementation of the scheme into the package is not practical.
To overcome this mixing challenge, an alternative cooling scheme was conceived. An
inverted dilution liner mixes hot core gas flowing radially through a perforated cylinder
with cold fan air. The mixing length is reduced due to jet induced streamwise vortices. The
performance of the device was investigated using three-dimensional computational fluid
dynamics simulations, which demonstrated improved mixing and uniform, low tempera-
tures of less than 70 °C at the mixer exit.
Noise reduction and flow mixing guidelines are established together with a concept
package configuration, generally applicable to small scale gas turbine devices.
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Chapter 1
Introduction
Energy sustainability is one of the biggest concerns of modem society as it has been
strongly dependent on fossil fuels. It is evident that these resources are limited and it is
necessary to consider both alternative energies and better ways to use fossil fuels effec-
tively. Fig. 1-1 depicts the history and projection of the oil demand and production. Due
to the continuous economic growth, particularly in China and India, the oil demand will
monotonically continue to increase in next few decades. On the other hand, the discovery
of new oil resources has been decreasing after the peak in the 1960s. Thus, in order to
establish energy sustainability, a key challenge is to effectively manage the limited amount
of remaining fossil fuels in addition to exploring alternative energies.
At the same time, there is an increasing demand for portable and distributed power
generators. Power sources may be characterized by energy density and power density.
Energy density represents the energy stored per unit mass, and power density indicates
the power output per unit mass. Fig. 1-2 shows the required energy and power densities
for a variety of applications. The field of robotics is growing rapidly, governed mostly by
innovations in controls. For example, humanoid robots require power sources with high
energy and power density. As illustrated in Fig. 1-3, the power requirements are beyond the
capabilities of fuel cells and batteries at the current technology level. Portable, advanced
power units are one option to support the innovations in the robotics field.
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Figure 1-1: World oil discovery and demand adapted from [1]
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Figure 1-3: Power and energy densities of energy generation devices [4]
1.1 Background
1.1.1 Potential of Small Gas Turbines
In order to utilize fuel more effectively, it is essential to have an energy conversion system
with high thermal efficiency. As shown in Fig.1-4, a gas turbine engine has the potential
to yield a high energy conversion efficiency. For example, more than 60 percent can be
achieved by industrial co-generation gas turbine cycles [3]. Also, compared to fuel cells or
batteries, internal combustion engines including gas turbine engines inherently yield high
energy and power density because of the high heating values of kerosene, as illustrated in
Fig.1-3.
Moreover, scaling down the size of a gas turbine engine can dramatically increase the
power density based on the cube square law [5]. The power density is proportional to the
inverse of the length scale according to,
Power density - Por L(1.1)
as the power output is proportional to the square of the length scale and the mass scales
with the volume or the cube of the length scale.
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Figure 1-4: Efficiency and power output of electricity generators [3]
1.1.2 Challenges and Recent Progress in Small Gas Turbine Engines
The key issues in small gas turbine engines are engine rotor dynamics and engine heat
management. The rotor dynamic challenges are attributed to the high rotating speeds of the
shaft assemblies. Because of the low working mass flow, single stage centrifugal compres-
sors are commonly used in small gas turbine engines yielding relatively low efficiency due
to the limited pressure ratios.
Thermal management on the small scale yields additional challenges. By scaling down
the engine size, the ratio of the engine component surface area to the volume increases
monotonically and surface heat transfer effects become more important. As such, the turbo-
machinery components operate under non-adiabatic conditions yielding reduced efficien-
cies. Another challenge is to keep the internal temperature below the Curie temperature of
the magnets to ensure proper generator operation.
Small gas turbines with relatively large power output are currently commercially avail-
able. For example, a 28 kW power system by Capstone Turbine Corporation is in-service
since 1998[6]. Even though it is called a micro gas turbine, the engine package size is
roughly that of a large refrigerator. Gas bearings are used in the core engine to enable high
rotating speeds near 96,000 rpm.
The first commercial quasi-portable gas turbine is the Dynajet 2.6 by IHI Aerospace
Co. Ltd [7]. Its power output is 2.6 kW and the size is roughly that of a cooler box.
Millimeter-scale engines have been investigated by many research groups. IHI corpo-
ration and Tohoku University has investigated a small gas turbine engine with a 10 mm
diameter compressor [8]. Tanaka et al succeeded in a rotating speed of 890,000 rpm using
hydroinertia gas bearings. The rotating speed was high enough to yield a pressure ratio of
3. The research group also succeeded in demonstrating self-sustained operation of a gas
turbine engine with a 16 mm diameter compressor [9].
MEMS-based gas turbine engines in micrometer scale (blade spans of hundreds of mi-
crons) were conceived by Epstein et al[10]. The design operating speed of an air turbine
was 2.4 million rpm with a 4.2 mm rotor diameter. An engine of similar size was projected
to generate a power output of roughly 50 W. The maximum experimentally demonstrated
shaft speed was 1.7 million rpm [11][12][13]. Kozanecki et al and Onera also proposed
similar scale gas turbine engines [14]. They focused on the two-dimensional microturbine
concept using both MEMS and micro-machining technology to reduce two-dimensional
geometrical constraints imposed by the MEMS processing. They experimentally demon-
strated a rotor tangential speed of 178 m/s using tilting pas bearings.
1.2 Scope of Thesis
The work reported in this thesis addresses the challenges discussed above and focuses on
the acoustic and thermal packaging of a small gas turbine generator for portable power.
The power level of the portable gas turbine system considered here is in the 1 kW range.
The research was carried out in collaboration with IHI corporation. The cycle study of
the engine was conducted by Isomura et al[15] and the engine overview and the turbine
rotor are shown in Fig. 1-5 and Fig. 1-6. The overall engine length is approximately 15 cm.
The diameter of the compressor impeller is 16 mm and the design rotating speed is above
500,000 rpm [9]. The compressor performance characteristics were investigated numeri-
cally and experimentally [16]. A high load combustion chamber for small gas turbines was
demonstrated by Yuasa et al[17].
One of the characteristics of the cycle is that the turbine exit temperature is higher than
to
Figure 1-6: Engine rotor shaft of small scale
GT [9]
Figure 1-5: Overall assembly of small scale
GT for portable power [9]
the compressor exit temperature. Such a cycle does not yield maximum power output per
unit flow rate, and due to the low pressure ratio, the cycle thermal efficiency is much lower
than in a conventional industrial gas turbine engine. Thus, the goal is to generate a useful
amount of power by increasing the maximum cycle temperature, which is limited by the
turbine material since an uncooled turbine is used.
1.2.1 Engine Packaging Requirements
The acoustic and thermal packaging of a gas turbine engine in the 1 kW range for portable
power is investigated. The acoustic signature of the package is governed by the turboma-
chinery components and core noise in the inlet and exhaust ducts. Thus, the turbomachinery
noise must be adequately attenuated at the inlet and exit of the package.
The compact architecture of the small-scale, high-speed, high power-density device
yields a number of thermal management challenges such as the isolation of hot and cold
turbomachinery components, the cooling of the core components, and the mixing of the
hot exhaust gas with cooling air. Although the internal cooling is critical, it was decided to
focus on the external packaging and cooling of the exhaust flow in order to enable hand-
held operation. Thus, the goal is to reduce the package exhaust gas temperature to a safe
level.
1.3 Research Objectives
The objective of this research is to conceive a proof-of-concept (POC) engine package that
meets the requirements for hand-held operation. These quantitative performance goals of
the package are:
1. Noise signature below 50 dBA at a distance of 7 m from the engine.
2. Uniform package exhaust gas temperature at or below 60 0 C.
The success goals of acoustic and thermal package are to achieve the above performance
levels. In addition, the prototype package should meet the size constraints of a portable
power system.
1.4 Technical Approach
In order to achieve the noise goal, acoustic liners are required to mitigate broadband noise
and tone noise at engine order frequencies. The compact architecture of the small-scale
device poses major challenges in the acoustic treatment of the inlet and exhaust ducts.
First, the noise mechanisms associated with the engine operating conditions are identified
using semi-empirical noise estimation methods. Next, acoustic liners are experimentally
characterized using a small scale silencer. In addition, the heat resistance of the in-house
developed and fabricated acoustic liners is also investigated for use in exhaust duct of the
package.
An anechoic chamber at Massachusetts Institute of Technology (MIT) Gas Turbine
Laboratory (GTL) is modified and setup for acoustic testing. A modular silencer test rig
is designed and fabricated to investigate various liner materials and configurations. Instead
of running an engine to generate noise, a speaker is used to simulate the noise. The liner
noise reduction at each frequency band is measured. The results are used to estimate the
reduced noise level at prospective engine operation conditions.
Blow torch experiments are conducted to investigate the heat resistance of the liner
materials. The aim of the experiments is to show that the acoustic material can withstand
continuous high temperature conditions at approximately 700 'C. After heating for 4 min-
utes, the material conditions are inspected.
The requirements for the thermal packaging are first quantitatively identified using a
control volume analysis. The first attempt to achieve the exhaust gas temperature goal is an
ejector/mixer configuration. The feasibility of this scheme is experimentally investigated.
The experiment is carried out at cold conditions in a blowdown facility at MIT GTL.
In order to explore improvements in thermal management, an alternative cooling scheme
is introduced. Its effectiveness is analytically investigated again using a control volume
analysis. The idea is to let the hot core gas flow through a perforated liner and dilute and
mix with cold fan air around the gas turbine engine. The results are used to determine the
geometry for three-dimensional computational fluid dynamics (CFD) simulations.
1.5 Thesis Outline
Chapter 2 discusses the engine noise source estimation and the acoustic liner characteriza-
tion. The acoustic requirements of the engine are characterized and a silencer configuration
is proposed and experimentally explored. In addition, the heat resistance of the liner mate-
rial is investigated for use in the exhaust duct of the package.
In Chapter 3, the feasibility of an ejector/mixer configuration is experimentally investi-
gated as a first attempt to meet the thermal requirements of the package. Ejector enhance-
ment concepts are investigated and their impact is examined.
Chapter 4 introduces an alternative engine thermal management scheme. Its effective-
ness in temperature reduction is first assessed using a control volume analysis. The detailed
characteristics of this scheme are discussed together with CFD simulation results.
In Chapter 5, the information obtained from the acoustic and thermal studies are com-
bined in the design of a prototype package for small gas turbines. The required geometry
of silencer, turning vanes and heat exchanger fins are also analyzed.
Conclusions and recommendation for future work are given in Chapter 6.
Chapter 2
Acoustic Packaging
The acoustic analysis of the small gas turbine consists of three major parts: 1) establish-
ment of semi-empirical noise estimation methods to determine the projected inlet and ex-
haust noise levels, 2) design and testing of inlet and exhaust silencers 3) characterization
of acoustic liner material at hot gas conditions.
2.1 Engine Noise Challenges
One of the key challenges in designing a gas turbine package for portable power is to reduce
the noise to acceptable level. The goal of the acoustic packaging was determined consid-
ering the typical noise level of indoor space. The noise level is evaluated accounting for
human ear sensitivity to frequency, A-weighting. The details of A-weighting are described
in Section 2.2.4.
Fig. 2-1 shows samples of engine noise measured at IHI in the engine test cell. The
noise spectrum is broadband. The compressor has five blades and five splitter vanes and the
turbine has nine blades. Therefore, the lowest blade passing frequency at this rotating speed
is 30 kHz. Moreover, at the design operation with a rotating speed of roughly 600,000 rpm,
the blade passing frequencies (BPF) are approximately 50 kHz and 90 kHz respectively.
Thus, the tone noise is not of concern for the package considering that the human audible
range is 100 Hz to 20 kHz.
The broadband noise sources are due to compressor noise, turbine noise, jet noise and
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Figure 2-1: Measured engine noise spectra
combustor noise. First, in order to define the noise reduction requirements of the silencers,
the noise levels of the candidate engine need to be estimated. Since it is assumed that
engine noise is dominated by compressor and turbine noise, combustor noise is neglected
in this analysis.
2.2 Engine Noise Estimation
2.2.1 Purpose of Estimation
Acoustic measurement of the small gas turbine engine are not yet available such that noise
estimation method is employed to estimated the acoustic signature. The aim of this analysis
is to characterize the noise signature of the small engine and determine the required noise
reduction levels to meet the noise goals in operation.
2.2.2 Noise Estimation Methodology
Although many researchers have developed comprehensive noise estimation tools for large
aircraft engines, a detailed noise assessment for small gas turbines has not been reported
yet. Moreover, noise data of small engines in the 1 kW range is not available. Hence,
__ __
the analysis carried out here employs semi-empirical noise estimation methods with mod-
ifications to account for geometrical differences between aircraft engines and small scale
portable power engine. In order to estimate the jet noise, Ahuja's subsonic jet noise data is
scaled to the target engine conditions using Lighthill's analogy [18]. The compressor and
turbine noise level are estimated using the noise estimation method developed by Heidmann
[19] for large scale aircraft engines and scaling argument.
2.2.3 Jet Noise Estimation
The scaling of subsonic jet noise suggests that jet noise is not a dominant noise source. The
engine is projected to exhaust hot core gas at roughly 12 g/s and 930 K through the turbine
exit with a diameter of approximately 15 mm. Without considering any diffusing passages
downstream of the turbine, these conditions yield the maximum jet velocity. Thus, the
noise level of the most severe case was estimated using these conditions. The magnitude of
the jet noise was estimated using scaling laws and experimental data. The mean jet velocity
was 193 m/s and the Mach number was 0.32.
Ahuja [20] measured jet noise at conditions similar to the conditions stated above. The
corresponding jet velocity was 182 m/s. Since this analysis is tended to predict the upper
limit of the noise level, the data in the 450 direction from the jet centerline that yield loudest
noise was used in the scaling. The noise data is provided in one-third octave band spectra.
The properties are summarized in Table 2.1.
The noise data from Ahuja was scaled to the engine conditions using Lighthill's acous-
tic analogy:
2 C 2 M8 r2 (2.1)
where p2 is the amplitude of the density fluctuation and r is the distance from the nozzle
exit to the observer point. Thus, the sound pressure level (SPL) scales as,
10SPL/1O = loSPLda/ M 8 D 2/ r (2.2)
Mdata Ddata rdata
After scaling the SPL, the frequency is shifted in order to keep the same Strouhal num-
Table 2.1: Jet Properties
M u(m/s) D (mm) r (m)
Ahuja (600 ft/s) 0.54 182 38 1.83
Target engine cycle 0.32 193 14.5 7.0
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Figure 2-2: 1/3 octave band jet noise spectrum scaled to small engine conditions
ber as that of Ahuja's data. The definition of jet noise Strouhal number is
St =fDj (2.3)
where f is the peak jet frequency and ao, is the speed of sound of ambient air.
Fig. 2-2 shows the scaled SPL of the jet noise, indicating the jet noise is not of concern
even under most severe conditions.
2.2.4 Compressor Noise Estimation
Compressor noise is one of the main noise sources propagating upstream of the engine. The
estimated compressor noise determines the noise reduction requirement for the inlet-side
silencer. The noise of the small centrifugal compressor was assessed using semi-empirical
methods reported by Heidmann [19] based on large commercial aircraft engines.
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To address the small scale of the engine, corrections were made based on the fan noise
prediction method reported by Hough and Weir [21]. According to the literature, Heid-
mann's method tends to overestimate the noise signature of smaller engines. Hough and
Weir investigated the correction methods using engine noise data at a working mass flow
of roughly 60 kg/s. The present noise estimation follows Hough's method.
Five compressor noise components were considered in the noise prediction.
* Forward arc noise
- Rotor-stator interaction tones
- Multiple pure tones
- Broadband noise
* Aft arc noise
- Rotor-stator interaction tones
- Broadband noise
The SPL of each noise component is estimated individually. Each spectrum is inte-
grated into a total noise spectrum based on acoustic energy. The initial step is estimating
the peak noise level using the stagnation temperature rise across the compressor (ATt), the
mass flow rate (ri), the relative Mach number at the inlet blade tip (Mrtip) and the rotor-
stator spacing (RSS). Each parameter has an empirically established function and the sum
of all terms yields the peak SPL:
SPLpeak( ) = 20 log AT +10log m F1 (Mrtip (Mrtip)design) + F 2 (RSS) +F 3 ()
SPL(O,f) = SPLpeak(0) +F4(f/BPF)
(2.4)
The direction of the observer point is defined using the polar angle shown in Fig.2-3.
Then, the noise directivity and frequency dependency are applied to the peak values.
The program provides the noise level of the one-third octave band SPL in the far field at a
distance of one meter. Since sound intensity is inversely proportional to the square of the
Observation point
Flow
Figure 2-3: Polar angle indicating observer point
distance from the sound source, the noise level at farther observing point is estimated using
the scaling law as,
10 SPLobserver/10 = SPLroIme0 rIm
robserverI
(2.5)
The detailed compressor code is described in Appendix A.
Code Validation for Small Engines
The noise estimation program was implemented in MATLAB. The coding information in-
cluding all of the functions is adapted from the literature [19][21 ]. Hough and Weir report
the estimation results and measured noise data. Thus, the implemented compressor noise
code was verified using data available. The parameters of the small engine for this estima-
tion are shown in Table 2.2.
The prediction results are shown in Fig.2-4 together with Hough's data. The results
show good agreement between the two estimates. Note that the method captures the sound
pressure spectrum well at high frequency but there are large discrepancies at lower fre-
quency. Hough and Weir attribute this difference to other engine noise sources.
M+
En
Table 2.2: Parameters of small engines from [21]
Fan blade number 30
Stator blade number 61
Fan rotating speed (rpm) 10006
Mass flow rate (kg/s) 60.1
Inlet total temperature (K) 298
Total temperature increment (K) 44.44
Fan diameter (m) 0.745
Relative tip Mach number (Mrtip) 1.2
Relative tip Mach number at design point ((Mrtip)design) 1.446
RSS(%) 170
Reference temperature (ATref, K) 0.555
Reference mass flow (rhref, kg/s) 0.453
Cut-off factor 1.09
Model Modification for Centrifugal Compressors
The Heidmann noise estimation was developed for an aircraft engine with an axial compres-
sor. On the other hand, the compressor of the candidate engine is a centrifugal compressor.
The modifications to the method to adjust the geometrical differences are described below.
Rotor-Stator Spacing (RSS)
RSS is a ratio of the axial length of the rotor to the gap between the rotor and stator in
[19] and [21]. For an axial compressor, the RSS is defined as,
RSS = ror x 100 (2.6)
Cspace
where cspace is the spacing between the rotor and the stator.
The rotor chord length of the centrifugal compressor is not a physically appropriate pa-
rameter to determine the magnitude of unsteadiness of the rotor-stator interaction. Instead
of the rotor chord length, the rotor exit blade height is the dominant parameter in the noise
generation. Thus, 115% was used for RSS, since it is a conventional ratio of the blade
height to the impeller-stator spacing in centrifugal compressors.
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Figure 2-4: Noise spectra comparison between present and Hough's estimation and exper-
imental data in direction of 400
Inlet Relative Mach Number for Tones
Rotor-stator interaction tone generation is generally associated with lift fluctuations on
rotor or stator blades. The relative Mach number of rotor inlet tip is the variable to calculate
the SPL of the tones in Heidmann's method. The variable needs to be related to the flow
fluctuations at the exit of the impeller. Thus, the absolute Mach number at the exit of the
impeller was used as the variable for the function F1.
In order to validate these assumptions, the noise signature of Feld's compressor [22]
was estimated. In this analysis, the aft arc noise components were omitted because the
compressor bypass ratio is zero. The noise data provided by Feld was assumed to be a
narrow band spectrum with 50 Hz band width. The scanned data was converted to the
one-third octave band spectrum.
The results are shown in Fig.2-5. Although the modified method underestimates the
tone noise levels and overestimates the broadband noise level at the low frequencies, the
estimation captures the general spectrum shape well. Note that the experimental data is
not the far field noise data, but the noise signature in the duct. Also the measurement
distance from the compressor is not explicitly stated in the literature. Hence, the distance
was assumed to be 2.5 m, the same distance as that of the location of pressure measurement.
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Figure 2-5: 1/3 octave band of Field's experimental data and estimation by Heidmann-
based method
Analysis of Candidate Engine
Using the program adjusted for a centrifugal compressor, the noise signature of the target
engine was investigated. Since the relative Mach numbers along the entire blade leading
edge are below sonic condition as shown in Fig.2-6, multiple pure tones are suggested not
to occur in the engine.
The result is shown in Fig.2-7. The blade passing frequency is about 45 kHz, beyond
the human audible range. Therefore, the broadband noise is dominant in the spectrum.
A-weighted Sound Pressure Level Because human ears respond more strongly to some
frequencies than they do to others, a bias weighting is applied to the SPL at each frequency.
The weighting is called A-weighting, and the factors are shown in Fig.2-8[18]. Applying
A-weighting, the effect of the high frequency noise, which is dominant in the compressor
noise, decreases as illustrated in Fig.2-9.
2.2.5 Turbine Noise Estimation
Similarly, the turbine noise was estimated using a semi-empirical estimation method. The
methodology was developed by Zorumski [23]. This empirical turbine noise estimation
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Figure 2-6: Relative Mach number at compressor inlet
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Figure 2-7: Estimated compressor noise level at distance of 7 m
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method consists of two noise component modules,
* Blade-raw interaction tones
* Broadband noise
It is important to note that one of the parameters of the target engine is outside the range
used in the methodology in [23]. The dimensionless inlet area A* (the reference area is the
turbine exit area) of the target engine is 0.0084, while the minimum A* in the methodology
is limited to 0.1. Among 14 parameters required to execute the noise estimation, this is the
only parameter which is beyond the allowable range. Thus, it was still deemed appropriate
to conduct the noise assessment.
The acoustic energy is strongly governed by the enthalpy drop across the turbine. The
SPL is determined based on the following relations.
2
SPL = 10 loglo(P2)* + 20 loglo a (2.7)
Pre f
H*A*
(P2)* ) (r 2D(O)S(f) (2.8)
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Figure 2-10: Estimated turbine noise spectra
where K, a, and b are empirical coefficients and r*is the dist ance from source to receiver
non-dimensionalized by the square root of the turbine exit area. The non-dimensional inlet
stagnation enthalpy and exit static enthalpy are denoted by h1,i and h* respectively, and ui
is the turbine tip speed non-dimensionalized with the ambient speed of sound. Appendix B
presents the details of each function.
Total enthalpy at the inlet of the turbine and static enthalpy at the exit of turbine are
necessary to estimate the noise. The former is obtained from the cycle analysis. The Mach
number at the turbine exit is essential to derive the static enthalpy at the turbine exit. This
information is not available from the cycle analysis. Since a higher Mach number yields a
louder noise signature, the flow Mach number was assumed to be unity in order to assess
the worst case. Thus, the analysis may overestimate the turbine noise.
The estimated noise and the A-weighted noise spectra are shown in Fig.2-10(a) and
Fig.2-10(b) respectively. The A-weighting was implemented in the spectrum in the same
method as that of the compressor noise estimation. The blade passing frequency is approx-
imately 90 kHz. Thus, broadband noise is also dominant.
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Figure 2-11: Estimated compressor & turbine noise OASPL
2.2.6 Overall Noise Level
The estimated noise levels were integrated into overall sound pressure level (OASPL) and
the criterion of this acoustic study was defined in terms of OASPL. The OASPL of the
compressor and turbine noises are illustrated in Fig.2-11 as a function of the direction of
the observer point. The noise level is higher than the threshold even without any tone noise.
Hence, it is required to install a silencer to attenuate the broadband noise effectively.
2.3 Noise Attenuation Challenges
The engine noise analysis identified that the noise signature at a distance of 7 m from the
engine will be beyond the allowable maximum level. Hence, silencers need to be installed
both on the intake and exhaust sides of the package. Broadband noise is dominant for
both sides of the package based on the results. Thus, a challenge of the silencer design
is effective noise absorption over a wide frequency range under the overall package size
constraint. It is also important for the acoustic liner to yield enough heat resistance in the
case of hot engine operation.
Porous material is capable to reduce broadband noise due to cavities of variable scale
[24]. For example, fiberglass foam covered with a fiberglass cloth can be used for the acous-
tic liner. Ceramic fiber foam and an acrylic-coated fiberglass sheet are also investigated due
to their heat resistance.
The acoustic characteristics of the liners are experimentally tested in MIT's anechoic
chamber. The silencer performance is measured by reduced SPL of a speaker sound. A
speaker emits a single harmonic tone, or white noise, that has constant SPL over the entire
human audible range. Heat resistance of the liners is also investigated using blow torch
tests.
2.4 Noise Absorption Capability of Porous Fiber Material
A key mechanism of noise absorption is conversion of propagating acoustic energy into
thermal energy of random molecular motion. The conversion is carried out by the com-
bination of viscous and thermal diffusion effects. Random molecular fluctuation induces
gas viscosity and thermal diffusion due to molecular collisions. Shear stress on solid walls
is also caused by the molecular collisions and generates thermal boundary layers. The
temperature gradient is mitigated by molecular diffusion.
Higher velocity in a uniform direction yields greater shear stress. Therefore, acoustic
energy at resonance frequencies is effectively absorbed.
Porous material yields cavities of variable size and thus a wide resonance frequency
range. Also, the passage exerts shear stress on the plane waves, which attenuates sound
at low frequencies. Larger cavities in the material are connected by narrow channels. The
characterization of the acoustic behavior using a uniform tube model is challenges since,
1. The cross-sectional dimensions of the connecting channels vary irregularly.
2. Fiber porous material does not have clear borders between cavities and channels.
3. Boundary layers on the fiber foam around thin solid elements rather than within the
channels.
Because of the structural complexity of the fiber porous material, a comprehensive
theoretical model to predict the acoustic behavior of the material is not available. Therefore,
most of the sound-absorbent materials are characterized using experimental studies. Based
on a large number of tests, it has been found that porosity, flow resistance and structural
factors are the key parameters that determine the sound attenuation characteristics of the
porous fiber material.
Porosity
Porosity, f, of sound-absorbent material is defined as a ratio of the volume of voids to
the total volume occupied by the structure. The porosity determines the cross-sectional-
average particle velocity as,
Uplane wave (2.10)
uave = (2.10)
Flow resistivity
Viscous fluid forces dominate the inertial forces at low frequencies. The viscous resis-
tance exerted by the material to oscillatory flow motion can be approximated by a low-speed
steady flow. The resistance is measured by pressure difference across the material. Thus,
flow resistivity, r, is defined as,
AP
t Uplan e wave
where t is the material thickness.
The typical flow resistivities of fiber porous materials are shown in Fig.2-12. Material
density in the order of 100 kg/m 3 is appropriate to yield viable flow resistivities. The
densities of the foams used in the present study are 44 kg/m3 and 64 kg/m3 respectively.
The details of the acoustic liner materials are described in Section 2.5.5.
Structural factor
Influences of the material geometry are characterized by the structural factor defined
as the effective fluid density to total volume of the cavities. The discrete cavities in fiber
porous material contain the most of the gas linked by narrow channels. Viscous stresses cre-
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Figure 2-12: Examples of flow resistivity of fiber noise absorbing material: 1, Kaoline
wool 2, fiberglass 'superfine' 3, ISOVER fiberglass 4, ISOVER basalt wool 5, basalt wool
6, SILLAN mineral wool 7, fiberglass thick [24]
ated in the channels by fluid oscillation predominantly contribute to dissipation of acoustic
energy. On the other hand, the gas in the cavities, which is subjected to volumetric strain as
a gas spring, yields a small effect on the sound attenuation. Due to the density change by
the volumetric strain, the structural factor represents the geometrical parameter of viscous
dissipation of acoustic energy.
2.5 Silencer Experiments
The main purpose of the POC acoustic experiment is to investigate the potential of the noise
absorber material for small scale silencers. In addition to measuring noise attenuation of
the different liner materials, the sensitivities of the liner volume and the passage surface
area to the noise reduction level were parametrically investigated.
2.5.1 Acoustic Facility
Reflection and reverberation from surrounding objects produce standing waves at the point
of observation. This interaction between the incident and reflected waves can contaminate
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Figure 2-13: Schematic of acoustic apparatus in MIT anechoic chamber
the measurements. In order to conduct accurate measurement, all acoustic measurements
were conducted in an anechoic chamber.
The dimensions of the anechoic chamber is 4 m x 6 m x 3 m. In order to attenuate
noise of wide frequencies, the chamber is surrounded by wedges made of acoustic foam.
2.5.2 Acoustic Instrumentation and Data Acquisition (DAQ) System
The performance and setup of the microphones and the DAQ system can be found in
Sakaliyski's [25]. The overall schematic of this acoustic experiment and the chain diagram
of the DAQ system are illustrated in Fig.2-13 and in Fig.2-14 respectively.
Instead of running the engine, an Aura Sound speaker, type NSW-1-205-8A was used
to generate tone noise. The speaker simulated the noise by a series of tones with middle
frequencies at each of the one-third octave bands. The speaker is placed in an acoustically
treated box and is mounted against the backside of a sound shielding board. The sound
shielding board is shown in Fig.2-15. The board reflects the sound scattered from the
backside of the speaker and prevents the microphones from recording excess noise.
Two Briiel & Kjaer (B&K), model 4135 1/4 inch free-field microphones were used
to acquire acoustic data. Its frequency range is 4 Hz to 100 kHz. The properties of the
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Figure 2-14: Schematic of data acquisition
Figure 2-15: Sound shielding board and insulator box
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Table 2.3: Characteristics of B&K 4135 Microphone [25]
Microphone Property Value
Frequency response characteristic Free-field 0O Incidence
and Random incidence
Open circuit frequency (2 dB) 4 Hz to 100 kHz
Open circuit sensitivity 4 mV/Pa
Lower limiting frequency (-3 dB) 0.3 Hz to 3 Hz
Cartridge thermal noise 29.5 dB
Resonance Frequency 100 kHz
Polarization voltage 200 V
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Figure 2-16: 1/3 octave band SPL spectra of baseline silencer configuration
microphones are shown in Table 2.3.
All measurement cases had a minimum 3 dB signal-to-noise ratio for all frequencies
of interest. Fig. 2-16 shows the measured SPLs with one of the silencer configurations,
illustrating that the amplifier gain is adequate for this measurement. The tested frequencies
span 100 Hz to 16 kHz to cover the human audible range.
A white noise generator was used to carry out simultaneous measurements over the
entire audible frequency range to investigate the directivity of the silencer. A Goldline
audio noise source, model PN2W was employed to generate the white noise. The details of
the acoustic instrumentation and the data reduction techniques are described in Appendix
C.
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Figure 2-18: Background noise spectra
2.5.3 Background Noise of MIT Anechoic Chamber
The background noise of the anechoic chamber was first determined, and the measured
background noise initially indicated two strong tones at frequencies of 8 kHz and 16 kHz,
as shown in Fig.2-18(a). Electrical ground issues were to be the source of the spurious
noise. Thus, an isolation amplifier shown in Fig.2-17 was installed between the DAQ board
and the multiplexer. As shown in Fig.2-18(b), an adequate signal-to-noise ratio was finally
obtained using the isolation amplifier.
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Figure 2-19: Overview of POC type silencer
2.5.4 Design of Inlet and Exhaust Silencers for POC Experiments
To investigate the noise attenuation capability of the acoustic liner material and the package
concept, a proof-of-concept (POC) type silencer was designed, fabricated and implemented
in the MIT anechoic chamber. Fig. 2-19 shows an overview of the POC type silencer. The
acoustic liners are colored yellow. The silencer size was maximized to achieve as large an
attenuation as possible given the overall engine package size requirements.
The cross-sectional area of the passage is constant through the silencer and sized to
ensure low Mach number flow (< 0.1) to minimize total pressure losses in the inlet duct.
Thus, the cross-sectional area is determined to be 80 mm x 80 mm.
The design is modular to allow parametric studies of various liner materials and geo-
metric effects on the noise reduction capability. Also, the package is designed such that
different liner thicknesses can be assessed. The baseline liner thickness is 50 mm and the
thinner liner thickness is 25 mm. The silencer consists of 3 modules such that the passage
length can be easily changed by removing the middle module. A diagram showing the dif-
ferent modules is illustrated in Appendix G. The baseline passage length is 10 cm - 12 cm
- 10 cm and for the shorter configuration, 10 cm - 8 cm - 10 cm. Note that the passage has
two right angle turns to avoid direct line-of-sight with the compressor inlet face.
Forward mic.
Figure 2-20: Apparatus for "speaker only" case with forward and sideline microphones
2.5.5 Experiment Setup
The noise attenuation was evaluated by subtracting the SPLs in the case with the silencer
from those without silencer. Fig. 2-20 illustrates the apparatus without the silencer. A
speaker with a polystyrene board represents the engine without a silencer. Microphones
measure the sound pressure level at a distance of 0.7 m from the center of the window on
the board. The position in front of the window is denoted "forward" and the position on the
plane of the board is denoted " sideline". The forward and sideline microphones are also
shown in Fig.2-20.
The speaker with the silencer represents the engine with acoustic treatment. An overview
of the apparatus with the silencer is depicted in Fig.2-21. The POC type silencer was
mounted on a tripod with the noise shielding board. The distance from the silencer to the
microphones are measured from the center of silencer exit and set to be the same distance
as that of the case without silencer.
For the reason pointed out in Section 2.4, porous materials were chosen for the liner
materials. The liners are made of commercially available insulation foams covered with
fiberglass sheets. Two types of materials were examined both for the inner foam and the
cover sheet. For the baseline liner material, conventional fiberglass foam (Fig.2-22) was
used and covered with RAKA Inc. 1.5 oz plane weave fiber cloth. This liner is expected
Figure 2-21: Apparatus with POC silencer with forward and sideline microphones
to operate at low temperatures only and is suitable for incorporation in the engine inlet
silencer. The assembled liners of two different thicknesses are shown in Fig.2-23.
An alumina silica blanket (Thermal Ceramics Kaowool RT 4 lb density 25 mm thick-
ness) and acrylic-coated fiberglass fabric were used as the liner materials for the exhaust
side silencer. These materials are expected to withstand high heat loads. The ceramic foam
and the acrylic-coated sheet are shown in Fig.2-24 and Fig.2-25 respectively. The densities
of the fiberglass foam and ceramic foam are 44 kg/m 3 and 64 kg/m 3 .
The assembled liners are tucked in the Plexiglass packaging without adhesive as de-
picted in Fig.2-25. For the thinner liner configuration, rectangular blocks of Plexiglass are
used to fill in the empty space behind the liners.
2.5.6 Trade study: Noise Reduction vs. Liner Surface Area
The sensitivity of the liner surface area to the noise attenuation was investigated. The liner
surface area corresponds to the passage length of the silencer. The baseline configuration
(longer passage, conventional fiberglass foam and sheet) was examined first to analyze the
general silencer characteristics.
The noise attenuation results are summarized in Fig.2-26 for both the sideline and the
forward microphone measurements. For frequencies higher than 1 kHz, noise attenuations
Figure 2-22: Conventional fiberglass
foam (left) and foam covered with fiber-
glass cloth (right)
Figure 2-24: Thermal Ceramics
Kaowool RT 4 lb density
Figure 2-23: Baseline fiberglass acous-
tic liner: 25 mm thick (left) 50 mm thick
(right)
Figure 2-25: Ceramic foam covered with
acrylic-coated fiberglass fabric tucked in
Plexiglass cover
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Figure 2-26: Noise attenuation of baseline liner and silencer configuration
of 20 to 34 dB were observed by the forward microphone. On the other hand, the sideline
microphone measurements demonstrated noise reductions of 12 to 32 dB. Therefore, the
silencer yields greater noise attenuation in the forward direction rather than the sideline
direction particularly for high frequency noise.
An additional set of experiments was conducted with the shorter passage length. Re-
moving the middle module, the liner surface area was decreased by 17%. The acoustic
liner was kept the same as in the baseline case. The measurement results are summarized
in Fig.2-27(a) and Fig.2-27(b) along with the results of the baseline configuration. The
forward microphone indicates a decrease in noise reductions of 5 to 10 dB for the shorter
passage. However, the noise attenuations in the sideline direction are improved by 5 to 8
dB. It is important to note that the greater noise attenuation in the sideline direction may be
attributed to the microphone position error and a strong dependence of the silencer perfor-
mance in direction. This dependence is measured and discussed in Section 2.5.8.
The noise signature of the candidate engine using the POC type silencer is estimated
by applying the result in the established compressor noise methods described in Section
2.2.4. The noise reductions in directions between the sideline and the forward directions
are linearly interpolated. The effect of the inlet silencer is applied to the estimated com-
pressor noise by subtracting the noise attenuation spectrum of the silencer from that of
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(a) at forward mic. (b) at sideline mic.
Figure 2-27: Noise attenuation of baseline liner material
the estimated noise. The overall noise level is then calculated from the attenuated noise
spectrum. Fig. 2-28 demonstrates the estimated compressor noise with both the short and
the long silencer configuration. The both passage configurations meet the noise reduction
requirement of 50 dBA at a distance of 7 m.
The same experiments were carried out using the heat resistant liner comprised of the
ceramic foam and the acrylic-coated fiberglass sheet. The coated fiberglass is thicker and
more rigid than the fiberglass sheet. Therefore, this case was expected to yield less noise
attenuation due to the acoustically harder surface. The measured noise reduction is plotted
in Fig.2-29(a) and Fig.2-29(b) along with the result of the baseline liner material. The heat
resistant material yielded the same magnitude of noise reduction as that of the baseline
material in the sideline direction. However, the forward microphone yielded less noise
reductions by 5 to 10 dB. These less reductions are due to the change of acoustic impedance
compared with the baseline material.
The result of the experiments using the shorter passage are also plotted as the dashed
lines in Fig.2-29(a) and Fig.2-29(b). The effect of passage length on the noise reduction is
similar to that of the baseline material.
In addition, the effect of the noise reduction using the heat resistant liner on the tur-
bine noise was analyzed as well. The estimated turbine SPL using the silencer with the
heat resistant material is shown in Fig.2-30. The demonstrated noise attenuation meets the
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Figure 2-29: Noise attenuation of heat resistant liner material
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Figure 2-30: Estimated turbine noise OASPL
acoustic goal.
The overall noise reductions are summarized in Fig.2-31. For both the conventional
and heat resistant liner material, a similar effect of the liner surface area on noise reduction
was observed.
2.5.7 Trade study: Noise Reduction vs. Liner Volume
The thicker acoustic liners of 50 mm were used in all of the experiments shown above. In
order to investigate the effect of the liner volume on the noise reduction capability, a set of
experiments were conducted using the thinner liner of 25 mm thickness. The aim was to
assess the trade-off between liner volume, which is important in minimizing the silencer
size, and the achievable noise reduction. The liner materials are the fiberglass foam and
sheet of the baseline configuration.
The following four configurations were examined.
1. Thick liners with long silencer passage
2. Thick liners with short silencer passage
40 =Baseline liner
465dB l Heat resistant
S3.66dB
, 30
20
0
0 long short long short
Figure 2-3 1: Overall noise attenuation of two acoustic material and two silencer configu-
rations
3. Thin liners with long silencer passage
4. Thin liners with short silencer passage
Fig. 2-32(a) and Fig.2-32(b) show the noise reduction spectra of both long and short
passage respectively. For both the long and short passages, liner volume does not have a
big impact on the noise reduction characteristics. The overall noise attenuation is shown in
Fig.2-33 as a function of liner volume. The figure indicates that the passage length has a
greater impact on the silencer performance than the liner thickness. In addition, the thinner
liner in the short passage meets the acoustic goal as illustrated in Fig.2-34.
2.5.8 Silencer Directivity
The noise level around the engine package must be less than 50 dBA in every direction
such that the directivity of the silencer needs to be assessed. The silencer directivity was
rigorously investigated using five microphone positions. The microphones were placed at
00, 22.50, 450, 67.50 and 90' as illustrated in Fig.2-35. The distance from the silencer exit
to the microphones was 0.7 m, the same as in the previous measurements.
The same methodology to evaluate the silencer performance was used as before. Instead
of measuring the sound levels at various one-third octave tone frequencies, the sound level
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Figure 2-32: Noise attenuation of baseline material of 2 thicknesses and 2 passage length
4C
3C
2C
1C
1 00 2000 3000 4000
Acoustic liner volume (cc)
Figure 2-33: Overall noise attenuation as function volume of acoustic liners
10 10
Frequency (Hz)
0 O
Red Long passage
Green Short passage
)-- .. -- ................ . . Thick liner .....
0 Thin liner
5000
0 . . ............ ..... 118 0
30 150
50..." . dBAI
60 120
90
Figure 2-34: Estimated compressor noise OASPL with thin liner short passage POC si-
lencer
22.5
45
67.5
90
Figure 2-35: Microphone positions for directivity measurements
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Figure 2-36: Noise attenuation of baseline material and configuration measured by different
methodologies
over all frequency bands was measured instantaneously using white noise.
Fig. 2-36(a) and Fig.2-36(b) show the noise attenuation spectra in both the forward and
sideline directions respectively. The white noise yielded good agreement with the previous
results and the discrepancies in SPL are a few decibels. Note that at the sideline location,
bigger discrepancies are observed likely caused by microphone position errors between the
two measurements.
Fig. 2-37 and Fig.2-38 show the frequency spectra and overall noise reduction as a
function of directivity. With the exception of 4 kHz, noise attenuation in the directions of
67.50 and 90 are less than at others. The directivity results indicate that the maximum
noise reduction occurs in the 2.5 kHz band. In terms of the overall noise reduction, as
shown in Fig.2-38, the noise reduction is almost constant for angles 0O to 45' . However, the
silencer performance deteriorates dramatically towards the sideline direction. Even with
the less attenuation in the sideline direction, the engine noise can be adequately reduced.
2.6 Hot Gas Acoustic Liner Experiments
From a cycle analysis, the engine exhaust gas temperature is estimated to be near 650 0 C.
Thus, the material to be used in the exhaust side silencer must demonstrate heat resistance
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Figure 2-39: Schematic of blow torch experiment
at temperatures of the exhaust in the case of a mixing failure or engine surge. In order to test
the heat resistance of the various liner materials, a blow torch experiment was conducted.
The apparatus overview is shown in Fig.2-39. The experiment was conducted on a
welding table. The dimensions of the material pieces tested were 80 mm x 80 mm x 50
mm and a propane gas torch was employed as the heat source. The local temperature was
controlled by adjusting the distance between the flame and the liner material. A Diqi-Sense
thermocouple monitored the temperature of the acoustic liner surface. In the experiments,
the surface was heated to temperatures ranging from 6500C and 7000 C. The liner sur-
face was monitored using a digital camera during the experiment. After the test, the inner
conditions were inspected by cutting the pieces in half.
The following combination of foam and sheet materials were tested:
1. Conventional fiberglass foam covered with conventional fiberglass sheet
2. Alumina-silica ceramic foam covered with conventional fiberglass sheet
3. Alumina-silica ceramic foam covered with acrylic-coated fiberglass sheet
The second combination is deemed more appropriate than the third one as long as it
yields sufficient heat resistance, because it is expected to demonstrate better noise attenua-
tion due to the softer cover sheet.
Fig. 2-40(a) through 2-40(c) show the results of the hot gas experiments. None of
the three materials caught fire. However, the first combination of materials in Fig.2-40(a)
cracked after four minutes of heating. The second material in Fig.2-40(b) did not show any
visible change after heating, but the sheet texture changed and became brittle. The third
material in Fig.2-40(c) showed a slight discoloration after about one minute of heating but
the surface texture did not change.
In order to further investigate the damage to the material from the heating, the three
samples were cut in half. Fig. 2-41(a) shows the cross-section of the first material. The
fiberglass foam changed color and was severely damaged. Both the second and third pieces
with the ceramic foam in Fig.2-4 1(b) and Fig.2-41(c) demonstrated satisfactory heat resis-
tance and showed no damage of the core material. The fiberglass sheet is softer than the
acrylic-coated fiberglass and yields better acoustic properties as demonstrated acoustic ex-
periments. Thus, these results suggest that the ceramic foam covered with the conventional
fiberglass sheet is the best combination of materials for the acoustic liner.
2.7 Summary and Conclusions
Engine noise was simulated using previously established correlations and corrections for
small gas turbine engines. It was found that the noise levels without a silencer are beyond
the allowable noise limits. The main component of the engine noise is turbomachinery
broadband noise. The viability of engine noise attenuation using porous fiber material was
demonstrated in acoustic silencer experiments. The MIT 4 m by 6 m by 3 m anechoic
chamber was modified and setup for testing acoustic liner materials and silencer config-
urations. A modular silencer test rig was designed and fabricated to investigate various
liner materials and configurations. The acoustic liner material developed and fabricated
in-house consists of insulation foam covered with fiberglass cloth suitable for operation
at compressor inlet temperatures. For operation at hot exhaust gas temperatures, alumina-
silica ceramic thermal insulation material covered with acrylic coated fiberglass fabric was
(a) Fiberglass foam with conventional fiberglass sheet (baseline liner)
(b) Alumina-silica ceramic foam with conventional fiberglass sheet
(c) Alumina-silica ceramic foam with acrylic-coated fiberglass sheet
Figure 2-40: Test pieces during blow torch experiment
(a) Fiberglass foam with conventional fiberglass
sheet (baseline liner)
(b) Alumina-silica ceramic foam with conventional
fiberglass sheet
(c) Alumina-silica ceramic foam with acrylic-coated
fiberglass sheet
Figure 2-41: Sample pieces cut in half after 4 minutes of heating
used. Both liner materials yielded encouraging results and noise reduction levels of 20-30
dB over a wide range of frequencies. The source noise simulations combined with the
measured noise reduction levels indicate that the engine noise goal of 50 dBA at a distance
of 7 m can be met. A parametric study to define the trade-off between liner volume and
noise reduction level was conducted and showed that the liner volume can be halved with
essentially no impact on noise reduction capability. Blow torch experiments showed that
the thermal insulation liner material covered with both fiberglass fabrics can withstand con-
tinuous high temperature conditions at approximately 700 'C. These results are reflected
in the prototype package in Section 5.
Chapter 3
Experimental Tab Mixer Study for
Thermal Packaging
3.1 Exhaust Gas Cooling Requirements
One of the requirements of the portable power generation device is that the temperature of
the package exhaust gas must be low enough to allow safe operation. For the prototype
package, the target temperature of the package exhaust gas is set to 60 'C (330 K) at
package exit. From the engine cycle analysis, the original engine exhaust gas temperature
is approximately 933 K. One of the ideas to reduce the exhaust temperature is mixing
the hot gas with relatively cold air. Considering a thermally insulated package and the
conservation of energy, the required amount of cooling flow at 15 oC is estimated to be
about 13 times greater than exhaust gas mass flow. This leads to mixing and entrainment
challenges in a high area ratio configuration.
3.2 Approach and Ejector Duct Characterization
In order to satisfy this thermal requirement, a preliminary package configuration was con-
ceived to explore cooling technologies as shown in Fig.3-1. A forced mixer/ejector is
installed downstream of the engine to cool down the exhaust gas temperature. Not only
the auxiliary fan, but also an ejector entrain the secondary ambient air to the package by
Figure 3-1: Preliminary thermal and acoustic packaging concept
aerodynamic pumping. This design is more simple compared to a conventional liquid cool-
ing circuit. Potential advantages are the utilization of the high kinetic energy to reduce the
power required for a cooling fan. The pumping effect inherently occurs by momentum and
energy transfer from the hot core gas to the entrained flow via mixing. Effective mixing is
thus essential to achieve the configuration.
In order to investigate the cooling flow requirement with a given ejector geometry, a
control volume analysis and an engine cycle analysis were conducted. Since the momen-
tum of the core jet induces the ejector, the higher stagnation pressure of the exhaust gas
entrains the more cooling flow. On the other hand, the higher stagnation pressure yields
less electricity output. Thus, the engine cycle was coupled with the control volume analysis
to investigate the design space.
Fig. 3-2 shows the control volume of the ejector duct. It assumes uniform flow con-
ditions at each of the boundaries, corresponding to a fully mixed out assumption. The
governing equations include the incompressible Bernoulli equation and the energy equa-
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Figure 3-2: Control volume for required ejector duct area assessment
tion, since the flow Mach number is low but there is a finite temperature difference.
Mass conservation thj + rh1  = h22
Momentum conservation h2juj + lut - th2u2 = P2A2 -P j Aj - P1A
Energy conservation cprhjTtj + Cpr1 I Tt l  = cph2 Tt2
(index notation) (3.1)
Bernoulli equation Pti = Pi + piui
Mass flow definition hi  = piuiAi
Equation of state Pi = piRTi
This system is nonlinear due to the quadratic term of ui appeared in the momentum equa-
tion. Therefore, the solutions were sought using the Newton solver. The threshold to
complete the iteration was set to 10- 5.
The engine cycle analysis was carried with a variable of the stagnation pressure of
the engine exhaust that determines the generator power output. Applying this stagnation
pressure to the reservoir pressure of the exhaust gas in the control volume analysis, the duct
dimensions are linked with the engine power output. The duct area ratio is the ratio of total
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Figure 3-3: Engine exhaust pressure, nozzle and ejector duct as a function of engine power
output
ejector duct area to the core engine nozzle area as,
A-AR =- (3.2)
A 2
Fig. 3-3 shows the engine power output and the ejector duct and nozzle diameters as
a function of the exhaust stagnation pressure. The power output linearly decreases by
increasing the exhaust stagnation pressure. Fig. 3-3 also indicates that the nozzle is ex-
cessively large with the low exhaust pressure to be installed into the package. Thus, the
exhaust stagnation pressure of 1.03P was selected as a design point.
The sensitivity of the target temperature was investigated through further analysis. The
stagnation pressure of the exhaust jet was set to 1.03P based on the previous analysis.
Fig. 3-4 shows the required area ratios as a function of the goal temperature of the package
exit. To achieve a goal temperature of 60 "C, the estimated duct area ratio is 46:1, which is
one order of magnitude larger than that of a conventional ejector.
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Figure 3-4: Required minimum ejector duct area ratio as a function of exhaust temperature
3.3 Technological Challenges
The large mass flow ratio of 13.3 and high area ratio pose the following two main chal-
lenges.
1. Sufficient mixing of the core hot gas with the secondary cooling flow within the
relatively short mixing duct
2. Effective entrainment of the cooling flow around the engine
3.4 Mixer Concepts
Based on the characterization of the requirement of the thermal packaging, additional ejec-
tor augmentation methods are investigated with the goal to achieve a uniformly distributed
exhaust temperature within a limited length. The augmentation ideas are mixing enhance-
ment using streamwise vortices and pumping assistance by multi-stage mixing. The con-
cepts of each of the method are described in the next section.
Figure 3-5: Schematic (left) and smoke flow visualization (right) of VG ring and stream-
wise vortices
3.4.1 Single and Multi-stage Tab Mixers
For mixing enhancement, a vortex generator was installed in the ejector instead of a lobed
mixer. A vortex generator (VG) ring is proposed as a forced mixer, because it is simpler
and easier to fabricate. The mixing enhancement mechanism is the same as that of a lobed
mixer. Fig. 3-5 illustrates the VG ring schematic, which consists of eight tabs. The tabs are
directed both inward and outward penetrating the two stratified flows. As a result, the tabs
generate streamwise vortices which enhance the mixing. One of the design parameters, the
tab angle, is defined from the jet centerline. The VG ring is located on the bottom plate
using an attachment (Fig.3-6). The VG ring fabrication process is described in Appendix
E.
Carletti et al[26] experimentally demonstrated effect of the vortex generator ring on
ejector augmentation. They used VG tabs placed on the nozzle lip instead of the ring as
shown in Fig.3-7. They chose a duct area ratio 4:1 for their apparatus, and the VG ring
yielded maximum flow entrainment enhancement of 26 percent. Although the area ratio is
one order of magnitude lower than that of the MIT apparatus, they showed the potential of
the method to achieve effective mixing within a short distance. Thus, the challenge in the
present configuration is to yield sufficient mixing in such a high area ratio ejector.
Figure 3-6: Attachment of VG ring
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Figure 3-7: Schematic of Carletti's experiment apparatus
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Figure 3-8: Schematic of multi-walled ejector with splitting cylinder
3.4.2 Multi-walled Ejectors
The idea behind multi-walled ejectors is to generate a locally lower area ratio by splitting
up the duct into cylinders so the multi-stage configuration reduces the ejector duct area
ratio in each stage as shown in Fig.3-8.
Thrust augmentation benefits of the multi-stage mixing ejector were both analytically
and experimentally demonstrated by Presz and Werle[27]. To note is that, their ejector
duct area ratio is about 4:1, which is one order of magnitude lower than that of the present
study. Thus, the challenge in the present configuration with splitting cylinders is again to
yield sufficient mixing at high area ratios.
The multi-wall effect for the present ejector was investigated using a control volume
analysis. The governing equations are the same as used before in the preliminary assess-
ment of the baseline mixer/ejector. The analysis assumes uniform and fully mixed out flow
at each section of the control volume. The stagnation pressure of engine exhaust gas and
the target exit temperature were set to 1.03P and 60 'C respectively.
Number of Cylinders
The effect of the splitting cylinders and their number on ejector performance were ex-
amined. One and two splitting cylinders were considered in the assessment. The cylinders
divide the total area into equal area ratios of the mixing stages.
As shown in Fig.3-9, splitting cylinders only slightly enhance the entrainment of the
.I/
m w/o cylinder
One cylinder
0 15 m Two cylinders
o 15
11
Figure 3-9: Effect of splitting cylinders on flow entrainment results based on control vol-
ume analysis
secondary cooling flow. The two-cylinder case is slightly better than the single-cylinder
case. However, it requires an excessively long mixing duct for the package to achieve suffi-
cient mixing. Thus, the single splitting cylinder case was selected for the POC experiment.
Effect of Cylinder Size
The optimum diameter of the cylinder was investigated through further analysis of a
single splitting cylinder configuration. The static pressure coefficient (Cp) and stagnation
pressure coefficient (Cpt) were computed to evaluate pumping effect increases and genera-
tion of stagnation pressure loss respectively.
P,, -P
C = &it (3.3)C (1/2pu2)fow, (3.3)
n inflow
Py - P -
Cpt = tiow exit (3.4)
p(1/22 inflow
where superscripts M and A denote mass and area averages respectively.
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Figure 3-10: Stagnation and static pressure coefficient of multi-walled ejector configuration
Fig. 3-10 depicts the results of the control volume analysis as a function of cylinder
size. The horizontal axis represents the dimensionless cylinder diameter (1= outer cases di-
ameter, 0= nozzle diameter) and the vertical axis indicates the stagnation and static pressure
coefficient normalized by the baseline ejector case defined as,
C, ratio = w/ cylinder (3.5)
Cpbaseline
Cpt ratio ptw/ cylinder (3.6)
Cptbaseline
There are optimum points in terms of loss generation and pumping enhancement but those
occur at different cylinder diameters. As a compromise, points near the bottom of stagna-
tion pressure coefficient and the top of the static pressure coefficient were selected as the
design point for the candidate POC experiment.
3.4.3 Instrumentation
The effects of the two mixer enhancement methods were experimentally investigated to
assess the feasibility of the high area ratio ejector. This experiment was run at room tem-
perature for the core flow and the velocity distributions inside the duct were measured to
evaluate the ejector performance. Even for the cold gas experiment, the core mass flow was
set to be 12 g/s, the same as that of the candidate engine.
Experimental Facility
The experiments were conducted in the MIT GTL ejector flow facility. The schematic of
the experimental facility is illustrated in Fig.3-1 1. A Sullair corporation, model 253-150L
WCAC compressor pressurizes ambient air and feeds the air into the storage tanks via a
C. M. Kemp. MFG. Co. absorptive dryer, type 200UA-1. The pressurized air is used for
the core jet. A ball valve is used to regulate the air upstream of a Van Air Systems Inc.
compressed air filter, model F100-500-RC. A Bellofram corporation pressure regulator,
model 231-960-066 is placed downstream of the filter and reduces the flow pressure to
levels adequate for the experiments. In order to feed the core flow of 12 g/s, the pressure
was set to roughly 25 psi. The core flow rate is controlled using a gate valve downstream
of the regulator and the flow rate is monitored using a Fisher and Porter Co. Ltd. precision
bond flowmeter, model FP-1-27-G-10/80. Flow rate is measured in pounds per minute at
the standard conditions such that 12 g/s corresponds to 1.58 ppm. The appropriate regulator
pressure is important to precisely control the flow rate using the gate valve. Additionally.
the stagnation temperature of the core flow was measured using a Diqi-Sense thermocouple,
and the temperatures 180C to 290C were observed during the period of the measurements.
Fig. 3-12 shows the overview of the experimental facility. The core jet flows out from
the duct exit to ambient conditions. The DAQ system is located both downstream and
alongside of the duct.
Ejector Duct
Given the overall package size constraints, an ejector duct area ratio of 185:1 was chosen.
This is the maximum possible area ratio so as to entrain as much secondary flow as possible.
To conform with the package requirement, a rectangular duct shape was chosen. Fig.3-13
illustrates the overview of the ejector duct.
The schematic of the apparatus is illustrated in Fig.3-14. It consists of a dummy engine
with a jet of Mach number 0.26 representing engine exhaust gas conditions 1, a shrouded
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Figure 3-11: Schematic of MIT GTL ejector flow facility
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Figure 3-14: Schematic of experimental apparatus and data acquisition system
square duct, and intake windows in the top and the side wall. The dummy engine has a
nozzle diameter of 14.5 mm (Dj). The length of the duct is 22 times the diameter of the
nozzle. The duct cross-sectional dimensions are 175 mm x 175 mm, corresponding to a
duct area ratio of 185:1. The location of the intake window is based on a candidate package
configuration. The dimensions of the intake windows are determined to yield secondary
flow Mach number less than 0.1.
The dummy engine is made of steel, and the duct side and bottom plate are made of
aluminum. Only the top plate is made of transparent Plexiglass in order to adjust the
component alignment and to allow for smoke flow visualization. The vortex generator
(VG) ring is made of a stainless steel and is attached to a steel rod. The splitting cylinder
is made of a steel pipe and its mounts are made of aluminum. The piece was fabricated
C
Figure 3-15: Experimental apparatus: dummy engine inside ejector with VG ring
in MIT Aeronautics and Astronautics water jet cutter. The engineering drawings of the
components are given in Appendix G.
Data Acquisition System
Velocity profiles at various distances downstream from the nozzle were measured using a
Pitot probe. The differential pressure is converted to an electric signal by a pressure trans-
ducer. Three transducers (Omega differential pressure transmitter, model PX653-02D5V
and PX653-25D5V and Setra transducer, model 1107769) were used depending on the re-
quired pressure range. In addition to measuring the pressure data using the transducers,
the raw pressure data was monitored using a Setra digital pressure gauge, model 370. The
pressure ranges of the pressure transducers are listed in Table 3.1, where one inch water
column is equivalent to 249.1 Pa.
The data acquisition system is based on National Instruments LabVIEWTM to enable
automated measurements of the velocity profiles at given locations. The probe was tra-
versed by a TSI position controller, model 9430. The reference the probe position is de-
Table 3.1: Transducers' pressure range
Model Pressure range ("WC)
Omega PX653-02D5V 0 - 2
Omega PX653-05D5V 0 - 25
Setra transducer 1107769 0 - 55
Setra digital pressure gauge model 370 0-2770
Pressure display gauge
Pitot probe
I Pressure transducer
LabVmew
Oscoscope
Figure 3-16: Block diagram of DAQ procedure
fined at the bottom plate edge, at a distance of 100 mm from the apparatus reference point
(point 0' and O respectively in Fig.3-15). The position controller can traverse the probe
at an accuracy of + 0.01 mm and the alignment between the duct edges and the probe is
within + 0.6 0. The measured data was analyzed in MATLAB@on a personal computer.
The block diagram of the DAQ processes is illustrated in Fig.3-16. The details of the data
reduction techniques are described in Appendix D.
In order to eliminate fluctuating data around zero velocity, only velocities greater than 1
m/s were integrated. According to the scaling argument in Eq.3.7, which describes ejector
performance for two streams with a finite temperature difference, the measured data was
scaled to hot gas conditions [28]. Equation 3.7 assumes fully mixed out flow at the duct
Mailab
exit. Although the assumption has been validated from experimental data of a conventional
ejector, a strong velocity non-uniformity at the duct exit may yield a discrepancies between
the actual conditions and the scaled results.
S +A 1 + j + - 2 (3.7)
3.5 Core Jet Measurement at Nozzle Exit
The velocity profile of the core jet at nozzle exit was measured to determine the peak
velocity in the duct, which is used to evaluate the magnitude of the velocity attenuation
due to mixing. In the ejector test configuration, the mass flow of the jet was set to 12 g/s.
A probe of 0.7 mm diameter shown in Fig.3-17 was employed, since the Pitot probe used
as to determine the velocity distribution at the duct exit was too large in diameter relative
to the nozzle diameter of 14.5 mm. The spacial resolution was set to 0.25 mm in order to
resolve the internal boundary layers.
Since the velocity profile is axisymmetric, a radial traverse measurement from the noz-
zle lip to the nozzle center was carried out. As shown in Fig.3-18, the internal boundary
layer on the nozzle wall was captured. The profile is in good agreement with the result
from a direct numerical simulation (DNS)[29] indicating fully turbulent flow. Kim et al
simulated a fully developed turbulent channel flow with a Reynolds number of 3,300. The
present Reynolds number based on the nozzle diameter and the mean velocity is roughly
77,000. The demonstrated peak velocity is 94.7 m/s and this velocity is used as a reference
velocity for subsequent assessments.
3.6 Preliminary Vortex Generator Ring Feasibility Study
Vortex generator rings are a simple means to augment the mixing of two flows. The aim
of this preliminary study in 32.5:1 area ratio ejector is to assess the effectiveness of the
VG ring. The ejector dimensions in this experiment and a similar experiment conducted by
Carletti [26] are listed in Table 3.2
Figure 3-17: Thinner stagnation pressure probe for nozzle exit velocity profile measure-
ment
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Figure 3-18: Velocity profile at nozzle exit
Table 3.2: Ejector properties of current VG ring and Carletti VG tabs by [26]
Current ejector Carletti
Nozzle Reynolds number 92000 50000
Ejector area ratio 32.5:1 4:1
Duct length 5.3Dj 6Dj
Flow entrainment enhancement 8.3% 26%
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Figure 3-19: Jet center line velocity profile
Fig. 3-19 shows the velocity profile at the jet centerline from the nozzle exit to the
exit of the ejector. The measured decrease in peak velocity is on good agreement with the
data by Carletti [26]. Furthermore as shown in Fig.3-20(a) and Fig.3-20(b), the VG ring
enhances the mixing. The flow entrainment is increased by 8.3 percent, which is less than
the 26 percent reported by Carletti due to the high area ratio of 32.5:1 used in the present
study. The improvement of flow entrainment is defined as,
Entrainment enhancement = w/ ring _ 1 (3.8)
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Figure 3-20: Velocity contours of a 32.5:1 area ratio ejector duct measured 5.3 Di down-
stream
3.7 Parametric Study of Mixing Effectiveness
3.7.1 Baseline Closed Jet
The baseline case consists of the ejector configuration without any augmentation methods
and is denoted as the closed jet case. This case was expected to yield insufficient mixing
capability due to the high duct area-ratio. Fig. 3-22 shows the entrained mass flow rate
compared to the free jet case. The free jet case was calculated using scaling laws by Ricou
and Spalding [30]. The results indicate that the closed jet achieves the required mass flow
ratio of 13.3 to meet the target exhaust temperature. However, as shown in Fig.3-21, the
velocity profile demonstrates a concentrated high velocity core and a reverse flow region
indicated by the uncolored area. In conclusion, the mixing capability of the baseline case
is not sufficient and one needs to pursue mixing augmentation methods.
Fig. 3-23 summarizes the velocity profiles at the nozzle lip, and at 14 and 22 nozzle-
diameters respectively. At the ejector duct exit, the jet is measured to be about 4 diameter
wide. The data also shows that the jet is in essence expanding linearly. The expansion
angle is estimated to be 9.040 and the edge location of the core jet is determined by,
redge(Dj) = 0.5 + tan (9.040 )x(Dj) (3.9)
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Figure 3-21: Velocity contours of closed jet at duct exit
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Figure 3-22: Mass flow ratios of closed jet and free jet (based on correlations)
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Figure 3-23: Jet one-dimensional velocity profiles at nozzle exit, 14 Dj downstream and
22 Dj
where x is the distance form the nozzle exit.
Reverse Flow Visualization The velocity contours indicate the existence of a reverse
flow region. In order to investigate the extend of the reverse flow region, smoke flow
visualization was conducted. The smoke was generated in an Aerotech Smoke Generator
and the photos were taken with Panasonic digital camera, model Lumix DMC-LS75. The
smoke was released outside the edge of the duct exit and entrained into the duct along with
the reverse flow. Fig. 3-24 depicts the interaction of the reverse flow and the main flow
exiting the ejector duct. The tow flows meet 10 - 14 nozzle-diameters downstream. The
reverse flow turns 180' in the center of the duct and merges with the core flow.
3.7.2 Parametric Tab Angle Study
The diameter of the VG ring is one and half times the diameter of the exhaust nozzle.
This size is chosen to locate the tabs in the jet shear layer. The shear layer location is
estimated using the closed jet results and assuming a linearly expanding jet. The VG ring
is located two nozzle-diameters downstream from the nozzle lip as illustrated in Fig.3-
15. A parametric tab angle study was conducted in order to determine whether there is an
Figure 3-24: Smoke flow visualization for reverse flow
optimum tab angle. Five angle settings (00, 100, 200, 300, 450) were examined.
Fig. 3-25 and Fig.3-26 show the measured mass flow ratios and stagnation pressure
coefficients respectively. The higher tab angle cases generally entrain more flow rate. Note
that there is no noticeable difference between 200, 30' and 450 cases in terms of entrained
mass flow ratio. One may attributes this characteristic to the excessive loss generation
by the VG ring. The stagnation pressure coefficient significantly increases for higher tab
angles. Hence, the ring yields enhanced mixing and entrains more flow but, at the same
time, generates additional loss.
In terms of velocity non-uniformity, the velocity contours at the duct exit are slightly
different depending on the tab angles. As Fig.3-27(a) and Fig.3-27(b) show, the 30' tabs
yielded the waker peak velocity and the larger mixing flow area than the 200 tabs. There-
fore, the 300 tab angle was selected as a design tab angle for the following package design
in spite of generating slightly greater loss than the 200 tab angle.
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Figure 3-25: Mass flow ratios from parametric tab angle study, measured 2 nozzle-
diameters downstream from nozzle lip
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Figure 3-26: Stagnation pressure coefficients from parametric tab angle study measured 2
nozzle-diameters downstream from nozzle lip
4 4
42 0.22 0.2
=0.15 0.15
_30 .-
0. 1 0.1
o 0
-2 ...... -20.05 N 0.05
-4 0 -4 0
-4 -2 0 2 4 -4 -2 0 2 4
y position (D) y position (D 2
(a) 200 tab angle (b) 300 tab angle
Figure 3-27: Velocity contours at duct exit with VG ring
Table 3.3: Vortex generator ring diameters
Ring positions 2D1  4Dj 6Dj 8D
Ring diameters 1.5Dj 1.9Dj 2.4Dj 2.8Di
3.7.3 Parametric Tab Position Study
A parametric tab position study was conducted using several ring sizes with 100 tab angle.
The examined locations are 2,4,6 and 8 nozzle-diameters downstream of the nozzle lip. At
each location, the ring size was adjusted to the estimated shear layer location. The tested
ring sizes are summarized in Table 3.3.
Fig. 3-28 depicts the trend in mass flow ratio as a function of the ring location. All of the
cases with VG rings show higher mass flow ratio, and the VG ring at 6 nozzle-diameters
indicates the largest entrained mass flow. However, the difference between the cases is
small and within the error bars. The conclusion is that VG ring location has in essence no
impact on pumping enhancement.
3.7.4 Effects of VG Ring Size
The influence of the relative VG ring size to the shear layer location was investigated using
the one and half nozzle-diameter VG ring. The aim of this assessment is to determine the
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Figure 3-28: Mass flow ratios of the parametric tab position study
optimum ring size so as to maximize the mixing capability. In order to evaluate the mix-
ing capability, the velocity profiles across the jet peak point were measured (indicated by
dashed line A-A' in Fig.3-15). The examined tab angles were 100 and 450, which represent
low and high angle cases respectively. Fig. 3-29(a) and Fig.3-29(b) show the measured
velocity profiles. Although subtle differences in shear layer location are observed depend-
ing on the VG ring positions, the differences may be mainly attributed to ring fabrication
and installation errors. The conclusion is that VG ring size has in essence no impact on
pumping enhancement.
3.7.5 Pumping Enhancement Using Multi-walled Ejector
Long Cylinder
Since the mixing and flow entrainment capabilities of the VG ring are insufficient, the
multi-walled ejector with a splitting cylinder was installed in the mixing duct. The cylinder
diameter was set to 5.7 nozzle-diameters and the length was 14 nozzle-diameters. The di-
ameter was chosen based on the results from the control volume analysis in Fig.3-10, and
the length was determined to yield a mixing length of more than 2.5 cylinder-diameters.
The cylinder is held in place by two mounts shown in Fig.3-30, and the overall configura-
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Figure 3-29: Center line velocity profiles from relative ring size study
Figure 3-30: Mount to support splitting cylinder
tion is illustrated in Fig.3-31.
In terms of both mass flow ratio and the stagnation pressure coefficient, the cylinder
decreases the ejector performance as shown in Fig.3-32(a) and Fig.3-32(b) respectively. It
is conjectured that the skin fiction and the loss generation at the inlet of the cylinder dete-
riorate the performance of the multi-walled ejector. As shown in Fig.3-33, the excessive
skin friction is observed in the attenuated velocity contours.
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Figure 3-31: Schematic of test case with 14 Dj length splitting cylinder
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Figure 3-32: Ejector with long splitting cylinder
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Figure 3-33: Velocity contours at duct exit with long splitting cylinder
Shorter Cylinder with Vortex Generator Ring
In order to avoid the excessive loss generation, the multi-walled ejector with a shorter
cylinder was examined. The length of the cylinder was set to 5.3 nozzle-diameters, and the
cylinder inlet was located at the nozzle exit to reduce the inlet losses. This configuration
is illustrated in Fig.3-34. The vortex generator ring is located in front of the cylinder (two
nozzle-diameters downstream from the nozzle lip) and the tab angle is set to 300 based on
the previous parametric study to allow for the most effective mixing.
Fig. 3-35 shows the experimental data of mass flow rate and stagnation pressure co-
efficient. As implied by the preliminary control volume analysis, the splitting cylinder
enhances the pumping effect, indicated by the increased mass flow ratio and the decreased
stagnation pressure coefficient. On the other hand, the reverse flow was still observed as
shown in Fig.3-36, still yielding insufficient mixing capability.
3.7.6 Intake Loss Reduction
The architecture of the intake of the cooling flow system is part of the ejector and has an
impact on the ejector characteristics. It is necessary to minimize intake stagnation pressure
....... ................ ................
Figure 3-34: Schematic of test case using vortex generator ring and splitting cylinder
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Figure 3-36: Exit velocity contours using splitting cylinder and 300 VG ring
loss in order to improve the ejector performance. Thus, aerodynamic treatments were added
to the apparatus. Two approaches were undertaken to reduce the stagnation pressure loss.
1. Aerodynamic shaping around the dummy engine
2. Relocation of the inlet windows to the upstream side of the dummy engine
The modified configuration is illustrated in Fig.3-37. The aerodynamic fairing of the
engine was done with modeling clay. Replacing the inlet windows reduces the losses by
avoiding the 900 flow turns.
Fig. 3-38 summarizes the results of all augmentation methods in terms of entrained
mass flow ratio. Note that the additional aerodynamic treatment further increases the en-
trained flow rate. Combining all methods increased in mass flow ratio by 23 percent relative
to the baseline case, demonstrating flow entrainment capability close to the requirement.
Note however that the mass flow requirement is based on uniform flow.
Fig. 3-39 summarizes the measured stagnation pressure coefficient. The aerodynamic
treatment clearly reduces the loss generation. The combination of the three augmentation
methods yields slightly higher loss compared to the case with aerodynamic treatment only
100
Figure 3-37: Schematic of combination of vortex generator ring, splitting cylinder and
aerodynamic fairing of engine
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Figure 3-38: Summary of achieved mass flow ratios using different augmentation methods
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Figure 3-39: Summary of stagnation pressure coefficients using different augmentation
methods
because the vortex generator ring increases the loss to enhance mixing. However, the mix-
ing is not sufficient to eliminate the reverse flow as shown by the velocity measurements in
Fig.3-40.
3.8 Conclusions and Implications
The effects of two proposed ejector augmentation methods were experimentally investi-
gated. Both methods improved mixing and thus ejector pumping capability. It was de-
termined that the loss generation at the secondary flow intake significantly influences the
ejector performance. However, the mixing capability measured 22 nozzle-diameters down-
stream of the engine was not sufficient to achieve fully mixed out conditions. Due to the
high ejector area ratio, high velocity core region remains yielding a significant hot spot.
The main conclusion is that an alternative cooling scheme is necessary to satisfy the mix-
ing requirements.
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Chapter 4
Alternative Cooling Scheme: Inverted
Dilution Liner
Based on the results discussed in the previous chapter, the effectiveness of an alternative
mixing scheme was investigated. The idea of this configuration is to inject the exhaust
gas in the radial direction through a dilution liner into the cooling flow. Based on this,
the configuration resembles an inverted dilution liner. The hot gas jets are expected to
generate large structure counter rotating streamwise vortices, which enhance the mixing.
As shown in the schematic of Fig.4-1, an auxiliary fan blows the cooling air into the mixing
duct. In order to assess the general characteristics of this configuration, a control volume
analysis was conducted first. After determining the design space from the control volume
analysis, the mixing capability and stagnation pressure loss generation were assessed using
three-dimensional CFD simulations.
4.1 Control Volume Analysis
The aim of the control volume analysis is to assess the mixing characteristics in order to
guide the design of a prototype package. The system is illustrated in Fig.4-2. The engine
exhaust gas blows out from the dilution liner both at the sidewall and the endwall. The jet
from the sidewall contributes to the mixing enhancement. On the other hand, the jet from
the endwall does not generate excessive loss and contributes to reduce the power required
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Figure 4-1: Schematic of inverted dilution liner configuration
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Figure 4-2: Schematic of control volume analysis of inverted dilution liner configuration
for the auxiliary fan.
The assumptions of the model are summarized below:
* The source of cooling air induced by the fan is represented by a reservoir.
* Stagnation temperature in the cooling air chamber is To = 288 K.
* The inverted dilution liner is characterized by the porosity of the sidewall and end-
wall.
* The liner length is 30 mm.
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* The engine rejects 800 W of heat, Qdissipated, to the cooling flow before it mixes with
the exhaust (pre-heating).
* Stagnation pressure of the hot gas chamber is Ptj/Po = 1.03, which is estimated from
the cycle analysis (Fig.4-3).
* The ambient conditions are Po = 101300 Pa and To = 288 K.
* The duct exit pressure is equal to the ambient pressure. (P3 = Po)
* The mass flow rate from the cooling air chamber is estimated to be 171.3 g/s, which
ideally yields 60 0 C exhaust gas temperature with 12 g/s core hot gas.
* At each section, the flow is uniform and fully mixed out.
* The hot gas flow field upstream of the porous plate is uniform.
* The static pressure in the passage annulus for the mixing is P
* Streamline at section 2 is parallel. (P2 = Pe)
* The mixed flow has no radial momentum.
* Stagnation pressure drop across the dilution hole is calculated using a porous plate
model with porosity f (Fig.4-4).
* The discharge coefficient, Cd -A is calculated using empirical correlationsAgeometry
[31]
Cd 1.25(K-1) whereK= C - K Ptul
It is important to note that the turbine adiabatic efficiency for the engine cycle con-
sidered here is 10 percent higher than that of the previous case. Because of the higher
efficiency, the total generator power output increases and the turbine exit stagnation tem-
perature decreases from 928 K to 900 K. Also, the heat dissipation on the engine surfaces
is accounted for in this cooling scheme. Due to these changes, the required amount of the
cooling flow is 15.3 times greater than the exhaust gas mass flow.
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Figure 4-4: Stagnation pressure drop model through porous plate
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The governing equations used in the control volume analysis are:
Mass conservation thh + thI
r2 + th2
thh + the
Momentum conservation
Energy conservation
tilul 
- 1t2u2
theUe + th2U2 - fit3U3
cp th I Tt r cp hh Ttj
Cpthe Ttj + Cplh2 t2
(index notation)
S thj
P2A2 -PIAI
P2A 3 - P3A 3
- Cph2 t2
- Cph3Tt3
Isentropic relation
Mass flow definition
Equation of state
Mach number definition
= piuiAi
= p iRTi
ui
-- yR Ti
4.2 Preliminary Design and Scoping Study
4.2.1 Duct Dimension Study
The duct dimension sensitivity was investigated first to determine the entire system dimen-
sions. The cooling mass flow was fixed at 171.3 g/s, and the hot gas mass flow is kept
constant at 12 g/s by adjusting the liner porosities. Thus, as Fig.4-5 shows, the exhaust
temperature is always set to 600C. The conditions inside the dilution liner are regarded
uniform (like a reservoir) and the stagnation pressure at both the endwall and sidewall are
equal to 1.03Po. In other words, the effect of the endwall static pressure on the nozzle
condition is not accounted for in this model. The input variables are the diameter of the
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(4.1)
(I= 1+ 42)
= 1 + r--M2)r --
Table 4.1: Duct and liner geometries of analyses
DI Da
Baseline 72 mm 150 mm
Case 2 72 mm 155 mm
Case 3 50 mm 150 mm
mi=171g/ss =30mm
P3 = Po
P, = 1.03Po .) 150mm
T = 900K 72 or 50mm0 or
............ .= 2g/s 155mm
Figure 4-5: Boundary conditions for control volume analysis of inverted dilution liner
configuration
inverted dilution liner (DI) and the mixing duct (Da). The dimensions DI=72 mm and
Da=150 mm are used in the baseline case, because the liner diameter is of the same size as
the prospective engine and the duct diameter is of the same size as the prospective auxiliary
fan. The analyzed cases are summarized in Table 4.1.
Fig. 4-6 shows the liner porosities as functions of duct dimensions. The smaller liner
needs a higher porosity on the endwall in order to yield the same hole area. Additionally, the
smaller liner diameter yields less loss as indicated by the stagnation pressure loss coefficient
in Fig.4-7. The stagnation pressure loss coefficient is defined as
M
Pt intake - Pt3 (4.2)
Pt intake - 0
where the subscript "intake" denotes both the nozzle exit and cooling flow inlet (section 1
in Fig.4-2) Thus, the smaller liner diameter reduces the power requirement of the auxiliary
fan. Based on this analysis, the dimensions Di=50 mm and Da=150 mm were chosen as
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the prototype design point.
4.2.2 Effects of Liner Porosity on Mixing
The aim of this analysis is to guide the inverted dilution liner design in terms of the liner
wall porosities and the nozzle dimension to be assessed in CFD simulations. An additional
model was implemented to capture the flow field inside the dilution liner. The schematic
of this model is illustrated in Fig.4-8. A portion of core flow (arhj) enters the mixing
zone from the endwall and the rest of it flows away from the control volume in the radial
direction. The momentum equation in the axial direction yields,
thjuj - arhjUe + (P - Pe)Ae = 0 (4.3)
In this model, the effect of the endwall static pressure and the nozzle back pressure are
taken into account. In order to assess the effects of back pressure, three nozzle dimensions
(16 mm, 20 mm and 22 mm) were examined.
The porous liner acts like a flow resistance and affects the hot gas mass flow. The
maximum flow rate is limited by a corrected mass flow per unit area determined by the
111
1
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30mm
Porosity I1 (1-a)m(1-a)m
520mm I
16mm End wall
Figure 4-8: Nozzle and liner model used in control volume analysis
nozzle pressure ratio.
-tjvy 1) (4.4)PtjAj I 1 + 1 ) y-1)
2 2-I-
M = Y-- (P1 (4.5)
This is observed for higher porosities in Fig.4-9(a)-Fig.4-9(c).
With the given conditions, a nozzle diameter of 16 mm cannot yield an engine mass
flow rate of 12 g/s. However, there are feasible design points for nozzle diameters 20 mm
and 22 mm. In order to integrate this liner with the engine turbine exit, a 20 mm diameter
nozzle diameter was considered more appropriate.
Fig. 4-10 depicts the trend of mass flow ratio through the endwall to the total hot gas
mass flow (a) for various liner porosities. For a low sidewall porosity (01), a increases
because the lower f1 corresponds to higher resistance in the side liner wall.
The required power consumption is depicted in Fig.4-11 as a function of required fan
pressure rise. The combination of low endwall porosity and high sidewall porosity requires
a high fan power, because most of the momentum of the hot jet dissipates in the mixing.
On the other hand, the opposite combination of porosities requires less power since the
stagnation pressure loss is reduced.
Based on these results, the jet penetration distance was estimated, because the penetra-
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Figure 4-9: Hot gas mass flow rate contours in g/s
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Figure 4-10: Portion of hot gas mass Figure 4-11: Required fan pressure rise
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endwall
tion of the hot gas jet into the cooling flow significantly affects the mixing capability. A
jet protruding close to the duct wall is favorable as it improves the mixing with the cooling
flow. An empirical correlation for a single hole configuration was used to estimate the pen-
etration depth [31]. The maximum jet penetration distance from the liner, Ym,,is calculated
by
Ymax = 1.25 VD Dhole Vf (4.6)
ms + mh/n (4.6)
where J = . According to the correlation, the hole diameter is one of the variables to
Psu"
determine Ymax. Furthermore, the hole diameter is related to the porosity via,
Ahole = AplateP (4.7)
Ahole = n X Dholeir/4 (4.8)
where n is the number of holes. Two different numbers of holes (40 and 80) were examined
as a function of porosity to investigate the hole size sensitivity.
The results are shown in Fig.4-12(a) and Fig.4-12(b). Ym, is non-dimensionalized by
the distance between the duct and liner (1= on the duct wall, 0= on the liner). Ym, increases
with higher porosity on the sidewall. However, its rate of change is small for a large range of
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Figure 4-12: Estimated jet penetration distance
Table 4.2: Feasible liner design space
Side wall porosity (31) 0.05 - 0.1
End wall porosity (P2) 0.125 - 0
Cooling air fan head 60 - 90 Pa
# oh holes 40
Liner diameter 50 mm
Mixing duct diameter 150 mm
sidewall porosity. On the other hand, the jet penetration rapidly attenuates with excessively
decreasing sidewall porosity. The difference between the case with 40 holes and that with
80 holes is roughly 15 percent at the maximum values in jet penetration.
From these results, feasible design points are defined. The combination of porosities
which corresponds to 12 g/s mass flow is shown as the blue line in Fig.4-9(b). From Fig.4-
12(a), an excessively high endwall porosity significantly deteriorates the jet penetration.
Therefore, the maximum feasible endwall porosity is 0.125 such that the required fan head
is 60 Pa from Fig.4-11. The other limit in the design spacey is zero porosity on the endwall.
In that case, the porosity on the sidewall is 0.1 and the fan head is 90 Pa. This configu-
ration ejects all of the hot gas radially, and possibly yields the higher mixing capability.
Table 4.2 summarize the feasible range of parameters to be used in the proof-of-concept
CFD simulations.
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Figure 4-13: Sketch of jet in cross-flow emerging from circular opening [28]
4.3 Two-Dimensional CFD Analysis
The goal of this CFD analysis is to minimize a magnitude of temperature non-uniformity a
certain distance downstream from the engine and to mitigate the sources of stagnation pres-
sure loss generation. It was reported in literature that a jet in a cross-flow induces a pair of
counter-rotating vortex as illustrated in Fig.4-13[28]. The inverted dilution liner scheme is
hypothesized to yield sufficient mixing capability due to jet-induced streamwise vortices.
The preliminary feasibility assessments were done using a control volume analysis. Thus,
the aims of this CFD analysis are to validate the models implemented in the control volume
analysis and to assess the feasibility of this cooling scheme in detail. In a first attempt, a
two-dimensional case was simulated, because two-dimensional simulation allows to con-
duct a parametric study at low computational costs. (Note however that three-dimensional
effect such as streamwise vortices are not captured and will be assessed in a later section.)
4.3.1 Computation Setup
The simulations were run in Fluent and the meshes were generated in Gambit. The flow
field has compressibility due to the finite temperature change. Therefore, the density based,
Reynolds Averaged Navier-Stokes (RANS) solver is used. The critical Reynolds number
of a pipe flow to yield a turbulent flow is roughly 2300. Since the Reynolds number of the
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cooling flow is 3.2 x 104, the Spalart-Allmaras one-equation model was implemented in the
simulation. The sensitivity of the turbulence model is discussed in Section 4.3.2. Using
the implicit time integration scheme, the iterations were conducted with local time step and
the local Courant number is larger than unity in order to quickly converge the simulation.
The flow density varies due to the large temperature difference between the core flow and
the cooling flow. Therefore, the ideal gas law was applied to the density calculation and
the laminar viscosity varies following the Sutherland law. The numerical schemes for the
two-dimensional simulations are summarized in Table 4.3.
Fig. 4-14 illustrates the computational domain and mesh. The length of the mixing
duct is set to 100 mm based on the overall package size constraints. The diameter of the
inverted dilution liner and the mixing duct are set to 30 mm and 150 mm respectively.
Hence, the total length of the flow field is 130 mm, which is used as a representative length
of the streamwise coordinate. The porosities of the liner are the ones derived by the control
volume analysis. Therefore the porosities of the shown computational domain are fi= 0.05
and 12=0.125. However the hole widths are smaller than the actual hole diameter due to the
two-dimensional axisymmetric assumption and the gaps on the liner represent slits instead
of holes in the two-dimensional domain. In order to yield a uniform porosity on the liner
and to avoid too small a gap distance, the three flow pathways are distributed on each side
of the wall. In contrast, in the other comer of the design space, there are three gaps on
the sidewall but no slit on the endwall because the porosity of the endwall is zero. The
liner thicknesses are assumed to be 0.75 mm at the sidewall and 0.5 mm at the endwall.
The aim of the buffer zone is to stabilize the flow field quickly. With the exception of the
buffer zone, the grid stretching ratio is set to less than 1.1. The total number of the cells is
approximately 6000.
The results of the control volume analysis are used as pressure inflow boundary condi-
tions as shown in Fig.4-15. The duct and the liner wall are assumed to be adiabatic walls in
the CFD simulation. The base pressure is ambient pressure of 101325 Pa and the back pres-
sure at the end of the buffer zone is set to the base pressure. The gauge stagnation pressures
of the incoming cooling flow and exhaust gas are set to 90 Pa and 3040 Pa respectively.
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Table 4.3: Numerical scheme
Governing equation
Spatial discretization
Time integration
Turbulence model
Density
Molecular viscosity
Density base steady compressible RANS
Roe-FDS Third-order MUSCL
Implicit scheme
Spalart-Allmaras one-equation model
Ideal gas
Sutherland law
6 Liner xl L AxisymMetric line
Figure 4-14: Baseline mesh for 01 = 0.05, f12 = 0.125 configuration
Adiabatic wall
Pressure inflow
Pressure outflow
Adiabatic wall
Pressure inflow
x 'L AxisymJetric line
Figure 4-15: Boundary conditions of two-dimensional simulation
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4.3.2 Validation
The convergence of the simulation is confirmed by tracking the residual of the overall mass
flow . The criteria for convergence are 1) all of the residuals decreases below 10- 3 of the
initial residuals, and 2) the residual of the overall mass flow across the duct converges as
shown in Fig.4-16.
A velocity profile of a turbulent boundary layer can be described using dimensionless
groups by,
y+= y (4.9)V
u+
-  
(4.10)
where Tw is the shear stress on the wall. In order to correctly resolve the turbulent flow in
RANS simulations, the lowest y+ needs to be less than five because the Spalart-Allmaras
one-equation turbulence model is designed to resolve the viscous sublayer and the thickness
of the sublayer is roughly five in terms ofy+.
The y+ and u+ were examined at the middle of the duct (x/L = 0.5) from the duct
wall and shown in Fig.4-17. The velocity profiles of the two-layer model of a flat plate is
illustrated in the same plot. They demonstrate good agreement near the viscous sublayer
and the minimum y+ is less than five. Thus, the mesh was considered fine enough to resolve
the boundary layer. The change of the flow density due to the hot core gas causes some
discrepancy in the logarithmic layer between the CFD simulation and the boundary layer
model.
In order to assess grid sensitivity, a condition near the corner of the design space (Ph =
0.05 and /32=0.125) was simulated using a finer mesh. Fig. 4-18 shows the finer mesh with
roughly 11000 cells. Fig. 4-19(a) and Fig.4-19(b) illustrate the Mach number contours of
the baseline mesh and the finer mesh respectively. Good agreement is observed indicating
sufficient grid resolution.
The Spalart-Allmaras one-equation turbulence model has the advantage of low compu-
tational cost. According to the Fluent report [32], the k-co two-equation turbulence model
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Figure 4-18: Finer mesh for P1 = 0.05, f 2 = 0.125 configuration
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Figure 4-19: Mach number contours
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yields good agreement with the experimental data for the flow field having large separation
and recirculation. In order to ensure the validity of the Spalart-Allmaras model simulation,
the simulation using k-o SST model and the baseline mesh was conducted. The tempera-
ture contours of Spalart-Allmaras model and k-o SST model are illustrated in Fig.4-20(a)
and Fig.4-20(b). The temperature is non-dimensionalized by the cooling flow stagnation
temperature (Ttl=292.6 K). Although k-o SST model yields greater magnitude of the roll-
up motion in the shear layer, the two cases demonstrate good agreement in the general flow
characteristics.
4.3.3 Mixing Capability
Fig. 4-20(a) shows the temperature contours of one of the combinations of porosities, 3 =
0.05 and /2 = 0.125. This case is one of the limiting cases among the feasible design points
derived from the control volume analysis such that the largest amount of hot gas enters the
mixing zone from the endwall. Because of the ineffective jet penetrations, a hot steak is
observed along the entire duct. Due to this hot streak, the temperature non-uniformity does
not attenuate (Fig.4-21(a)), and the mixing of the hot gas with cooling flow is insufficient.
In contrast, the other limit in the design space yields improved mixing due to the effective
jet penetrations as shown in Fig.4-22.
Fig. 4-21(b) shows the temperature profiles at the duct exit. The porosities 01 = 0.1
and 32 = 0, dramatically mitigate the temperature non-uniformity compared to the other
case. It is conjectured that the hot jet penetration mainly contributes to the mixing and the
shear layer is not effective in enhancing the mixing. Furthermore, an accurate estimation
of the magnitude of the jet penetration and the effect of streamwise vortices are essential to
appropriately evaluate the temperature non-uniformity. Thus, it is necessary to carry out a
three-dimensional CFD assessment.
4.3.4 Validation of Control Volume Analysis
From a model validation prospective, the CFD analysis shows good agreement with the
control volume analysis. Each choice of porosities is designed to yield the same hot gas
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(b) k-o SST
Figure 4-20: Temperature contours in mixing duct (/1 -- 0.05, 12 = 0.125) for different
turbulence models
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Figure 4-21: Temperature profiles in mixing duct
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Figure 4-22: Temperature contours in mixing duct for 1 = 0.1 and P2 = 0
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Figure 4-23: Static pressure profile inside dilution liner for P1 = 0.05 and 12 = 0.125
mass flow. Although the values are slightly less than 12 g/s, the two cases demonstrated
almost the same mass flow rate as shown in Table 4.4. The underestimated mass flow can
be attributed to the assumption of uniform pressure inside the liner in the control volume
analysis.
Fig. 4-23(a) and Fig.4-23(b) illustrate the static pressure along the sidewall and end-
wall respectively. The pressure is non-dimensionalized by the ambient pressure and the
axial and radial locations are non-dimensionalized by the length and the radius of the liner
respectively. The assumption of uniform pressure is validated for the sidewall as can be
seen in Fig.4-23(a), while major discrepancies are observed in the two-dimensional CFD
simulation at the endwall due to the effect of the stagnation point . Because of this higher
back pressure, the control volume analysis overestimates the hot gas mass flow.
In addition, the fully mixed out assumption in the control volume analysis yields further
differences between the control volume analysis and the two-dimensional CFD simulation.
Due to the static pressure non-uniformity, the stagnation pressure loss coefficients (Cpt)
derived from CFD simulations are lower than those of the control volume analysis as sum-
marized in Table 4.5 where Cptis derived by,
-M 
-M
Pt intake - Pit (4.11)CPt -M
Pt intake - Po
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Table 4.4: Hot gas mass flow
Highest porosity on endwall Lowest porosity on endwall
Control Volume analysis 12 g/s 12 g/s
CFD 9.7 g/s 10.1 g/s
Table 4.5: Stagnation pressure loss coefficients
Highest porosity on endwall Lowest porosity on endwall
Control Volume analysis 0.81 0.82
CFD analysis 0.71 0.68
4.4 Three-Dimensional CFD Analysis
The objective of the three-dimensional CFD analysis is to investigate three-dimensional
flow structures and to assess the temperature non-uniformity at the duct exit. It is hypoth-
esized that the magnitude of the jet penetration in the two-dimensional case is different
from the three-dimensional case due to geometrical differences. The three-dimensional
simulation is expected to enhance mixing due to the jetlet interaction and streamwise vor-
tices. From the two-dimensional simulation, the combination of the porosities 31 - 0.1 and
f32 = 0 is expected to demonstrate the most uniform temperature distribution at the duct exit.
Thus, a three-dimensional CFD simulation was carried out on the same configuration.
4.4.1 Computation Setup
The dimensions of the liner and the mixing duct are the same as those for the two-dimensional
simulation. Using a hole diameter of 3.54 mm and 48 holes on the sidewall correspond to
a porosity of 0.1. The holes are uniformly distributed on the liner as illustrated in Fig.4-24.
In order to reduce the computational cost, one-eighth of the entire mixing duct was simu-
lated only which is the smallest possible periodic representation. There are six holes on the
liner sidewall in the computational domain. The meshes near the dilution holes are dense
enough to resolve the interaction of the jets and the cooling cross-flow. Total number of
grid points amounted to 340,000. Fig. 4-25 shows the overall domain and mesh topology.
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Figure 4-24: Dimensions of suggested inverted dilution liner
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Figure 4-25: Overview of the computational domain and mesh for three-dimensional CFD
simulation
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Figure 4-26: Boundary conditions for three-dimensional CFD simulation
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The boundary conditions are depicted in Fig.4-26. One key difference to the two-
dimensional simulation is the assumption of an iso-thermal liner wall. The Biot number,
indicating the ratio of the magnitudes of heat convection to heat conduction, was assessed
according to,
htBi = - (4.12)k
where h is convective heat transfer coefficient, t is the thickness of a material and k is
thermal conductivity. The Biot numbers are 3.8 x 10- 3 on the inside the liner and 2.1 x
10- 3 on the outside the liner, which imply that the heat conduction in the liner material
is dominant. The two empirical correlations were applied to estimate the convective heat
transfer coefficients [33].
NuD = 0.023ReD4/5pr 0 4  (4.13)
Nux = 0.664Rexl/2Pr0. 33  (4.14)
The subscript D denotes pipe diameter and x denotes plate length. The Prandtl number was
0.71.
The pipe diameter based Nusselt number is used for the flow inside the sidewall. In
order to avoid the velocity non-uniformity due to the openings,t he velocity at a distance of
5 mm away from the wall in the two-dimensional simulation is used for the mean velocity.
The mean temperature is set equal to the core flow temperature of 900 K. On the outer
sidewall, the mean velocity is calculated from the cooling mass flow rate and the passage
area.
The liner material was assumed to be stainless steel with a thermal conductivity of 14
W/mK at 300 K and 25 W/mK at 900 K. The thermal conductivity of air are 0.025 W/mK at
300 K and 0.05 W/mK at 900 K. The convective thermal coefficients on inside and outside
the liner are calculated to be 77 W/m 2K and 70 W/m 2K respectively.
According to the Biot numbers, the equilibrium liner temperature is 615 K. This tem-
perature was used as a boundary condition in the simulations. Even if the heat convec-
tion coefficients were one order of magnitude higher, the equilibrium temperature does
not change much. Appendix F describes the differences of the flow field due to the wall
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Table 4.6: Numerical scheme for three-dimensional CFD simulation
Governing equation Pressure base steady compressible RANS
Spatial discretization SIMPLE Third-order MUSCL
Time integration Explicit scheme
Turbulence model k-a) SST two-equation model
Density Incompressible ideal gas
Molecular viscosity Sutherland law
boundary condition.
The numerical schemes used in the three-dimensional analysis are summarized in Ta-
ble 4.6. According to Fluent user's manual [34][32], the pressure based scheme and the
k-w turbulence model were used to compute the low Mach number flow field with large
finite temperature difference and a large recirculating flow region. The equation of state for
the incompressible ideal gas reduces to,
pT = const. (4.15)
4.4.2 Temperature Non-Uniformity at Duct Exit
Fig. 4-27(a) and Fig.4-27(b) show the cross-sectional views of the temperature contours
along the center line of the dilution holes. At both cross-sections, enhanced jet penetration
is observed compared to the two-dimensional case (Fig.4-20(a)). The expected streamwise
vorticity due to the jet induced vortices is seen in the helicity contours of Fig.4-28. Helicity
is a parameter indicating the magnitude of the flow swirling and is defined as,
H - u (V x u) (4.16)
The red colored area indicates the counter-clockwise motion viewed from ahead of the
mean flow direction, and the blue colored area represents counterclockwise motion. The
large vortical structures significantly enhance the mixing and contribute to mitigating the
temperature non-uniformity.
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Figure 4-27: Cross-sectional view of temperature contours along centerline of dilution
holes
helicity: -1.OE+04 -6.OE+03 -2.OE+03 2.OE+03 6.OE+03 1.OE+04
Figure 4-28: Helicity contours at x/L=0.2, 0.4, 0.6, 1.0
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Figure 4-29: Temperature profiles of 2D and 3D CFD simulations at duct exit
Table 4.7: Summary of mass flows and stagnation pressure loss coefficients (1il = 0.1,
12 =0)
3D CFD 2D CFD CV analysis
Core hot gas 10.0 g/s 10,0 g/s 12 g/s
Cooling air 179.2 g/s 194.6 g/s 171.3 g/s
Stagnation pressure loss coefficient 0.76 0.68 0.82
Fig. 4-29 illustrates the temperature profiles at the duct exit. The three-dimensional
CFD results are shown as circumferential mass averaged temperature profiles. Due to
the mixing enhancement, a greater stagnation pressure drop occurs such that the stagna-
tion pressure loss coefficient of three dimensional simulation is larger than that of the
two-dimensional simulation (Table 4.7). From Fig.4-30, it is concluded that the three-
dimensional jet interaction structure improves the mixing characteristic and that the pro-
posed mixing scheme demonstrates the elimination of the hot streak in the exhaust flow.
4.4.3 Grid Sensitivity
Similar to the two-dimensional CFD simulation, a grid sensitivity study was carried out.
The fine mesh is shown in Fig.4-31, which contains approximately 1.87 x 106 cells. The
mass averaged temperature profile at the duct exit is compared to that of the baseline mesh
in Fig.4-32. The finer mesh yields stronger hot spots and temperature non-uniformity, be-
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Figure 4-30: Iso-thermal surface of T/To=1.5 and temperature contour at duct exit
cause the baseline mesh has a greater artificial numerical viscosity which rapidly dissipates
the injected jet structures. The stronger jet structure is also observed in the helicity contour
in Fig.4-33. Although the finer mesh demonstrates less mixing capability compared to the
baseline mesh, the computed temperature profile does meet the package requirements.
4.5 Modified Liner Configuration
The potential of a modified liner geometry to further improve the mixing was investigated.
In the previous simulations, the jet closest to the endwall yields the deepest jet penetration
due to stagnation of the flow inside the dilution can. As a consequence, the otherjets merge
with the strongest jet as shown in Fig.4-30. One approach to improve the mixing is to yield
multiple counter-rotating streamwise vortices by changing the pressure distribution inside
the liner as illustrated in Fig.4-34.
It is hypothesized that repositioning the stagnation point inside the can is able to sep-
arate the jet structures. In order to examine the effect of the repositioned stagnation point
on the internal pressure distribution, the jet structures and the temperature non-uniformity
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Figure 4-31: Finer computational mesh
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Figure 4-32: Temperature profiles of baseline mesh and finer mesh case at duct exit
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Figure 4-33: Helicity contours of finer mesh at x/L=0.2, 0.4, 0.6, 1.0
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Figure 4-34: Approach to rearrange streamwise vortices to enhance mixing
at the duct exit were assessed by letting the exhaust flow impinge on the forward wall.
The simplest implementation in the simulation is to move the location of the boundary
conditions to the other side as shown in Fig.4-35.
As illustrated in Fig.4-36(a) and Fig.4-36(b), the static pressure distribution inside the
liner is inverted. Due to the change of the internal pressure field, the jet structures outside
the liner are further separated compared to the baseline case. The cross-sectional views of
temperature contours are shown in Fig.4-37(a) and Fig.4-37(b). where the most upstream
jet is apart from the other downstream jets. Thus, altering the stagnation point effectively
separate the jet structures. In Fig.4-38, the helicity contours show multiple counter-rotating
vortices corroborating the previously stated hypothesis.
However, the distance of the strongest jet penetration is weaker than that in the previous
configuration. The weaker penetration results in a stronger hot streak as shown in Fig.4-
39. In the baseline can, the two upstream jets allow for a stronger penetration of the third
jet. This is not the case in the modified liner design where all three jets are exposed to the
cooling flow weakening the penetration. Thus, the inverted pressure distribution does not
improve the mixing, and the baseline liner is deemed the better design for the prototype
package.
In summary, the inverted dilution liner mixing configuration has the potential to achieve
the thermal packaging goal with the liner porosities of f1 = 0.1 and 12 = 0, a liner diameter
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Nozzle
Figure 4-35: Schematic of repositioned nozzle configuration
of 50 mm and a mixing duct diameter of 150 mm. Although some smaller hot spots are
observed at the duct exit, their temperature magnitude is low enough to avoid damage to
the turning vanes of the exhaust side silencer.
In order to design the prototype package, the auxiliary fan requirements must be deter-
mined. To estimate the required fan pressure, an alternate definition of stagnation pressure
loss coefficient is introduced.
-M -M
Pt cooling - Pt exit
Opt M (4.17)
1/2pu2 cooling
This coefficient evaluates the loss generation based on the incoming cooling air stagnation
pressure. The stagnation pressure loss coefficient is 0.56 for porosities P1 = 0.1 and 32 = 0.
This will be used to estimate the required fan pressure rise and is discussed in Section 5
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Static Pressure: -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03
(a) baseline configuration
Static pressure: -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03
(b) repositioned nozzle
Figure 4-36: Cross-sectional view of static pressure contours along centerline of dilution
holes
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Temperature: 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
(a) first row of holes
Temperature: 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
(b) second row of holes
Figure 4-37: Cross-sectional view of temperature contours along centerline of dilution
holes: repositioned nozzle
140
helicity: -1.OE+04 -6.OE+03 -2.OE+03 2.OE+03 6.OE+03 1.OE+04
z
Figure 4-38: Helicity contours at x/L=0.2, 0.4, 0.6, 1.0: repositioned nozzle
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Figure 4-39: Temperature profiles of repositioned nozzle configuration at duct exit
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Chapter 5
Prototype Package Design
5.1 Acoustic Liner Integration
In chapter 2, the acoustic packaging was investigated. The experiments showed that the si-
lencer performance is more sensitive to the passage length than to the liner volume. There-
fore, the thinner 25 mm liner thickness was selected for the package design. The liner is
made of a Thermal Ceramics Kaowool RT 4 lb density 25 mm thickness alumina silica
blanket, and is covered with a RAKA Inc. 1.5 oz plane weave fiber cloth. To minimize the
internal pressure losses, the passage cross-sectional area is taken as large as possible given
the package size constraint. In addition, the cross-sectional area is kept constant along the
passage.
There are two right angle turns in the silencer. In order to reduce the stagnation pressure
loss, turning vanes are implemented. They are made of a Zircar Ceramics Inc. ECO- 1200A
Alumina-Silica Insulation of 25 mm thickness. The material has sufficient heat resistance
capability to endure high temperature environments. The vane turns the flow by 900 and
is made of double circular arc airfoils. The schematics of the blade profile and the turning
vane cascade are shown in Fig.5-1 and Fig.5-2 respectively.
In order to avoid excessive stagnation pressure loss, the cascade solidity is set to 1.43
as shown in Fig.5-3. With a 40 mm chord length, this solidity yields a blade spacing of 28
mm. With these dimensions, seven blades fit in the 150 mm x 150 mm passage. Moreover,
the maximum thickness is 5 mm to avoid large flow blockage and to achieve sufficient
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Figure 5-1: Schematic of double circular arc
airfoil Figure 5-2: Schematic of turning vane cas-
cade
structural stiffness. The deviation angle is estimated using Carter's rule,
S
6 = mc-+X (5.1)
where mc is a coefficient depending the vane stagger angle (a). For the turning vane the
stagger angle is 450 and mc is 0.35 from Fig.5-4. X is an empirical adjustment constant
from test data and is typically 10 and 3' . With this, the deviation angle is estimated to be
roughly 190 which gives 900 flow turning and the camber angle 0 is set to 1100. Fig. 5-5
illustrates the drawing of the vane with 0.5 mm fillet radius at both leading and trailing
edges.
5.2 Cooling Fan Integration
An auxiliary fan is installed in the inverted dilution liner configuration. Stagnation pressure
losses not only occur in the mixing duct but also in other package components and the
auxiliary fan needs to make up for all the lost power. Based on the concept package shown
in Fig.3-1, the main sources of stagnation pressure loss are
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Figure 5-3: Loss coefficient as a function Figure 5-4: Coefficient chart for Carter's
of blade solidity [35] rule [35]
Figure 5-5: Silencer turning vane geometry
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Table 5.1: Dimensions of vane design and reference data
Vane design Idelchik [36]
Radius /Passage width 0.195 0.2
Reynolds number (Re) 6.4x 104  1.0 x 102 - 1.0 x 108
Camber angle 1100 1070
1. Viscous and mixing loss at the turning vane corner in the inlet side silencer (both
sides)
2. Viscous loss at the heat exchanger fins
3. Stagnation pressure drop due to heat addition at the fins
4. Mixing loss in the inverted dilution liner duct
5. Viscous and mixing loss at the turning vane corner in the exhaust side silencer (both
sides)
The stagnation pressure drop at the turning vanes is estimated based on data from the
literature [36]. The correlation is given in terms of the ratio of vane radius to passage width,
inflow Reynolds number and vane camber angle. The dimensions of the vane design and
the literature data are given in Table 5.1. Based on this, the stagnation pressure coefficient
for two turning corners is estimated to be,
Cp = (/2 ) 0.23 (5.2)(1/2pu 2)
The viscous loss at the heat exchanger fins was calculated from a control volume anal-
ysis. The volume schematic is illustrated in Fig.5-6, and the momentum equation becomes,
P1A - P2A - 9 = -plu2A + p2uZA (5.3)
The drag coefficient is found based on empirical correlations for the skin friction coefficient
for turbulent flow [33].
Cf - - 0.074Re0 2  (5.4)(1/2pu 2)
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Figure 5-6: Control volume schematic for fin viscous loss estimation
The necessary fin surface area was estimated using the Reynolds analogy [37]:
St = h Cf (5.5)
puoocp 2
For air, the Prandtl number is 0.71 allowing the use of the above form of the analogy.
From the cycle analysis. the engine rejects 800 W of heat from its surface. Hence,
using an assumed fin surface area, the fin equilibrium temperature can be derived. Three
fin chord lengths (30 mm, 50 mm, 70 mm) were examined and the results are shown as a
function of fin number. The analysis assumes an iso-thermal flat plate. Fig. 5-7 depicts the
estimated equilibrium fin surface temperature. The temperature is non-dimensionalized by
the ambient inflow temperature (288 K). It shows that 32 fins with 70 mm chord length are
required to yield a temperature lower than 400 K. In order to protect the generator magnet
in the engine, this geometry is chosen in the prototype package design. Per Fig.5-8, the
stagnation pressure coefficient of the geometry is roughly 0.15.
A stagnation pressure drop due to heat addition is calculated using the influence coeffi-
cients [28].
dP= M2d (5.6)
Pt 2 Tt
and the results are summarized in Table 5.2. The power input from the auxiliary fan is
estimated to be 19.4 W for a cooling mass flow of 183 g/s .
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Figure 5-8: Stagnation pressure coeffi-
cient of heat exchanger fins as a function
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Table 5.2: Stagnation pressure drop
APt in Pa
Inlet side silencer 12.5
Fin (viscous) 11.3
Fin (heat addition) 1.21
Inverted dilution liner mixing duct 42.6
Exhaust side silencer 14.2
Exit dynamic pressure 31.1
Total 113
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Table 5.3: Fan specifications: Sanyo Denki San Ace 150
Voltage 12 V
Current 2.9 A
Power consumption 34.8 W
Rotating speed 3900 rpm
Volume flow rate 300 CFM
Static pressure rise 210 Pa
Noise level 61 dBA
Weight 450 g
5.3 Integration of Inverted Dilution Liner Design
All of the component design knowledge is integrated into a prototype package design con-
cept. From the mixing studies, it can be concluded that a long enough distance is essential
to eliminate hot spots. Since the size of the package is limited, the auxiliary fan is placed
near the inlet side silencer to enable the longest possible mixing length. The overview of
the package is given in Fig.5-9. A Sanyo Denki Co. Ltd. SanAce 150 fan is proposed for
the concept package. The specifications of the fan are summarized in Table 5.3.
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Figure 5-9: Overview of suggested prototype package design
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Chapter 6
Conclusions and Future Work
6.1 Conclusion
In order to demonstrate the feasibility of a small gas turbine package, acoustic and thermal
integration challenges must be overcome. The goal is to reduce the noise level to less than
50 dBA at a distance of 7 m from the engine. Semi-empirical noise estimations indicate that
the dominant noise sauce is broadband noise and the sound levels are beyond the allowable
levels on both the compressor and turbine side. Therefore, intake and exhaust silencers are
installed in the package. The noise reduction potential using porous absorber material was
experimentally examined. Two acoustic absorbers and two fiberglass cover sheets were
used in the assessment.
One is comprised of a conventional fiberglass foam covered with a conventional fiber-
glass sheet. The other is made from the alumina-silica ceramic foam covered with a
alumina-silica acrylic fiberglass sheet. The former is to be used in the inlet side silencer and
the latter in the exhaust side silencer. Both liners yielded sufficient noise reduction demon-
strating 35 - 40 dB noise attenuation. In terms of noise reduction capability, it was found
that the length of the silencer channel is more important than the thickness of the liner. The
results of the acoustic study can be generally applied to design effective silencers for small
scale devices.
The heat resistance capability of the different foam-liner combinations were investi-
gated using hot has tests. Alumina-silica ceramic foam covered with a conventional fiber-
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glass sheet demonstrated heat resistance in a 7000 C environment for over four minutes.
The goal of the thermal packaging is to reduce the exhaust gas temperature to less than
60'C at the package exit, in order to allow hand-held operation. To achieve this goal, the
cooling flow needs to be at least 13.3 times that of the exhaust gas flow. Moreover, sufficient
mixing capability is essential to achieve uniform temperature profiles at the package exit.
An ejector/mixer configuration was experimentally investigated in a first attempt to meet
the packaging goal. However, the resulting high area ratio ejector yields a serious mixing
challenge and although the mixing can be enhanced using various augmentation methods,
their implementation in the prototype thermal package is not practical.
As an alternative, the feasibility of an inverted dilution liner configuration was both ana-
lytically and numerically investigated. Its enhanced mixing capability due to the jet induced
streamwise vortices was demonstrated in three-dimensional CFD simulations. Specifically,
the lowest peak temperature in front of the exhaust side silencer was calculated to be ap-
proximately 700 C.
Integrating the results of the preliminary silencer studies and thermal packaging study,
the prototype package was designed with turning vanes and heat exchanger fins. Account-
ing for the major internal flow loss sources, the required fan pressure and power are esti-
mated to be 113 Pa and 19.4 W respectively.
6.2 Future Work
The major challenges that remain in the demonstration of small scale power devices are
the heat removal and isolation of the internal turbomachinery and generator components
and stable high-speed rotor operation. Also, to make the concept viable for portable power
applications, the package will need to be further improved for reduced size, weight and
cost.
More specifically, the internal heat generation, for example due to bearing windage and
generator losses, must be analyzed and effective internal heat removal schemes need to be
found. One alternative is using a recuperated cycle which can alleviate the exhaust gas
cooling requirements and further improve the overall efficiency of the device.
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Also, the rotordynamic performance and foil bearing dynamic behavior need to be in-
vestigated in the light of the mechanical design and stable high-speed operation. Major
concerns are achieving low imbalance, avoiding whirl instability and reducing wear if the
foil bearings.
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Appendix A
Compressor Noise Estimation Method
This appendix presents the details of the compressor noise estimation method which is
based on Heidmann's approach [19][21]. The method captures five noise components emit-
ted from the compressor.
* Forward arc noise
- Rotor-stator interaction tones
- Multiple pure tones
- Broadband noise
* Aft arc noise
- Rotor-stator interaction tones
- Broadband noise
Each noise component is estimated separately and is integrated into an overall noise
spectrum. The peak noise level is first estimated using the stagnation temperature rise
(ATt), the mass flow rate (nij), the inlet tip relative Mach number (Mtip), and the rotor-
stator spacing ratio (RSS).
SPLbase = 20logAT/ATref + 10logm/mref +F (Mrtip, (Mrtip)design) +F2 (RSS) +F 3(6)
SPL = SPLbase + F4 ( f/BPF)
(A.1)
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Table A. 1: F1 for forward rotor-stator interaction tones
Mrtipdesign > 1, Mrtip < 0.72 54.5 + 20log (Mrtipdesi,,)
Mrtipdesign > 1, Mrtip > 0.72 al = 54.5 + 5010log(Mrtipdesig,,/0.72)
a2 = 53 .5 + 80 log (Mrtipdesig,,Mrtip)
less value of al and a2
Mrtipdesign 1, Mrtip > 0.72 same as Mrtipdesin,, > 1, Mrtip > 0.72
MrtiPdeign 1 , Mrtip < 0.72 54.5
Evaluation of function F1 through F4 depends on the noise source and is discussed for
each case below.
A.1 Forward Rotor-stator Interaction Tones
The tone frequencies are at blade passing frequency and its multiples. Any tone beyond the
human audible range were neglected in the assessment.
Function F
The range of Mrtipdesign < 1, Mrtip > 0.72 is not counted in the original method[19] and
the correction was assumed to be the same as that for Mrtipdesig,, > 1, Mrtip > 0.72. The
correction for Mrtipdsign < 1, Mrtip < 0.72 was assumed to constant at 54.5.
Function F2
F2 = -10 x log (RSS/300); (A.2)
Note that this relation does not include inlet distortion effects.
Function F3
The directivity function is summarized in Table A.2.
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Table A.2: F3 for forward rotor-stator interaction tones
degree correction (dB)
10 -1.5
20 -1.5
30 -1.5
40 -1.5
50 -2.0
60 -3.0
70 -4.0
80 -6.0
90 -9.0
100 -12.5
110 -16.0
120 -19.5
130 -23.0
140 -26.5
150 -30.0
160 -33.5
170 -37.5
180 -40.5
Table A.3: F4 for forward rotor-stator interaction tones
K = 1, and 6 > 1.05 0
6 < 1.05 -8
K = 2 -9.2
K>2 -3K- 1.8
Function F4
The individual tone levels depend on a cut-off factor which defined as,
(A.3)6= |Ma
Nblade
where Mtip is the blade tip Mach number, Nvane and Nblade are number of stator and rotor
blade respectively. The value of F4 varies depending on the factor K of the tones.
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Table A.4: F for forward multiple pure tones
for f/BPF = 1/2
20 log (Mrtip) < 1 6.1 x 20 log (Mrtip) + 50
20 log (Mtip) > 1 -0.58(20 log(Mrtip) - 1) + 56.1
for f/BPF = 1/4
20 log(Mrtip) < 1 6.0 x 20 log (Mtip) + 50
20 log(Mrtip) > 1 -0.608(20 log (Mtip) - 1) + 56.0
for f/BPF - 1/8
20 log(Mrtip) < 3 2.4 x 20 log (Mrtip) +40
20 log (Mtip) > 3 -1.0(20 log (Mtip)- 3) + 47.2
A.2 Forward Multiple Pure Tones
Multiple pure tones (MPT) noise is
generated only if the relative Mach
due to irregularites in the blade shock structure and
number is supersonic. The frequencies are of shaft
order and are ecaluated as 1/2BPF, 1/4BPF and 1/8BPF.
Function F
Function F depends only on Mrtip and can be found in [21].
Function F2
MPT noise is independent of rotor-stator spacing.
Function F3
The function F3 is summarized in Table A.5.
Function F4
Each tone component has its own frequency spectrum characteristics according to Ta-
ble A.6.
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Table A.5: F3 for forward multiple pure tones
degree correction (dB)
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
-4.5
-3.0
-1.5
0
0
0
0
-1.5
-5.0
-6.0
-6.9
-7.9
-8.8
-9.8
-10.7
-11.7
-12.6
-13.6
Table A.6: F4 for forward multiple pure tones
for f/BPF = 1/2 and
for f/BPR < 0.5 30 log (2f/BPF)
for f/BPR > 0.5 -15 log (2f/BPF)
for f/BPF = 1/4 and
for f/BPR < 0.25 50 log (4f/BPF)
for f/BPR > 0.25 -50 log (4f/BPF)
for f/BPF = 1/8 and
for f/BPR < 0.125 10 log (8f/BPF)
for f/BPR > 0.125 -10 log (8f/BPF)
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Table A.7: F for forward broadband noise
Mrtipdesign > 1, Mrtip 0.9 55.5 + 20 log (Mrtipdesig,)
Mrtipdesi n > 1, Mrtip > 0.9 55.5 +20log(Mrtipdesin) - 20 log (Mrtip/0.9)
Mrtipdes , 1, Mrtip > 0.9 55.5 - 20 log (Mrtip/0.9)
Mrtipdesign 1, Mrtip < 0.9 55.5
A.3 Forward Broadband Noise
Function F
Function F depneds on the blade relative Mach number. Compared to the Heidmann
method, the constant numbers are slightly reduced from 58.5 to 55.5 for small engines.
The function is summarized in Table A.7
Function F2
Function F2 depends on rotor-stator spacing. Note that this relation does not include inlet
distortion effects.
F2 = -5 x log (RSS/300); (A.4)
Function F3
Function F3 depneds on noise directivity. In the literature, the data set covers only over
100 - 1100. The corrections between 1200 and 1800 are linearly extrapolated. The function
is summarized in Table A.8.
Function F4
Function F4 depends on noise frequency. This function converts the peak noise level to
a frequency spectrum. The reference frequency is blade passing frequency, BPF.
for f < 2 x BPF
F4 = l0log exp ( 0.35 In(f2BPF) 2
n2.2 (A.5)
for f > 2 xBPF
F4 = 10log exp (-2.0 (ln(f2BPF) 2)
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Table A.8: F3 for forward broadband noise
degree correction (dB)
10 -1
20 0
30 0
40 0
50 -2
60 -4.5
70 -7.5
80 -11.0
90 -15.0
100 -19.5
110 -25.0
120 -30.0
130 -35.0
140 -40.0
150 -45.0
160 -50.0
170 -55.0
180 -60.0
Table A.9: F1 for aft rotor-stator interaction tones
Mrtipesign > 1, Mrp 1 59.0 + 20 log (Mrtipdesign)
Mrtipdesig, > 1, Mrtip > 1 59.0 + 20 log (Mrtipdesi) - 20 log (Mrtip)
Mrtipesin 1 , Mrtip < 1 59.0
A.4 Aft Rotor-stator Interaction Tones
Function F
The function for Mrtipdesign < 1, Mrtip < 1.0 used the same constant 59.
Function F2
F2 = -10 x log (RSS/300);
Note that this relation does not include inlet distortion effects.
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(A.6)
Table A. 10: F3 for aft rotor-stator interaction tones
degree correction (dB)
10 -30.0
20 -26.0
30 -22.0
40 -18.0
50 -14.0
60 -10.5
70 -6.5
80 -4.0
90 -1.0
100 0
110 0
120 0
130 0
140 -1.0
150 -3.5
160 -7.0
170 -11.0
180 -16.0
Table A. 11: F4 for aft rotor-stator interaction tones
K=1, and 6 > 1.05 0
8 < 1.05 -8
K =-- 2 -9.2
K>2 -3K- 1.8
Function F3
The function of F3 is summarized in Table A. 10.
Function F4
Function F4 for aft noise is identical with that of the forward noise. The variable of F4 is
the factor K of the tones.
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Table A. 12: FI for aft broadband noise
MrtiPdsi, > 1, Mrtip < 1 58 + 20 log (MrtPdeip,,,)
Mrtipdesin 1, Mrtip > 1 58 + 20 log (Mrpdesin) - 20 log (Mrtip)
Mrtipdesin , Mrtip 1 58
A.5 Aft Broadband Noise
The estimation method is the same as the forward noise, but using different correlations.
Function F
Function F2
Function F2 depends on rotor-stator spacing. Note that this relation does not include inlet
distortion effects.
F2 = -5 x log (RSS/300); (A.7)
Function F3
Function F3 is summarized in Table A. 13.
Function F4
Function F4 for aft noise is identical with that of the forward noise.
for f< 2 x BPF
lOlog{ exp (-0.35 (In(f/2BPF) 2ln2.2
for f > 2 x BPF
F4 = 10log exp (
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F4
(A.8)
-2.0 In(f/2BPF) 2)
- In2.2
Table A. 13: F3 for aft broadband noise
degree correction (dB)
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
-29.5
-26.0
-22.5
-19.0
-15.5
-12.0
-8.5
-5.0
-3.5
-2.5
-2.0
-1.3
0
-3.0
-7.0
-11.0
-15.0
-20.0
164
Appendix B
Zorumski Turbine Noise Estimation
The Zorumski turbine noise estimation method consists of empirical equations. The pro-
gram estimates two noise components.
* Blade interaction tones
* Broadband noise
SPL = 10loglo (p2)* + 20 loglo
Pre f
I-A A*
(p2)= *A D(O)S(f)
4n (r*)2
H* =K (
h*,i - h*,e
(B.1)
(B.2)
(B.3)x (u~,)b
D(O) is a noise directivity function. The corrections are documented in [23] and the
directivity factors are summarized in Table B.2.
Table B. 1: Empirical coefficients
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Source K a b
Broadband 8.589 x 10- 5  1.27 -1.27
Interaction tones 1.162 x 10- 4 1.46 -4.02
Table B.2: Turbine noise directivity
6 Broadband noise (dB) Tones (dB)
10 -0.689 -1.671
20 -0.599 -1.471
30 -0.509 -1.261
40 -0.409 -1.061
50 -0.319 -0.851
60 -0.219 -0.641
70 -0.129 -0.431
80 -0.029 -0.231
90 0.071 -0.021
100 0.151 0.189
110 0.221 0.389
120 0.231 0.589
130 0.211 0.259
140 0.111 -0.191
150 -0.029 -0.591
160 -0.229 -0.931
170 -0.549 -1.271
180 -0.869 -1.611
The function of S(rl) is the spectrum function. For broadband noise, the spectrum
function is related to defined as,
(B.4)fBPF
Since for the engine considered here was outside range in the given literature. The value
was obtained by linear interpolation.
The frequencies of the tones are multiples of BPF and the scanned data is summarized
in Table B.4 as a function of the harmonic number.
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Table B.3: Turbine broadband noise spectrum
loglo0
-0.903
-0.796
-0.699
-0.602
-0.502
-0.398
-0.301
-0.201
-0.097
0
0.097
0.204
0.301
0.602
logloS (dB)
-1.884
-1.604
-1.444
-1.304
-1.184
-1.084
-1.004
-0.924
-0.844
-0.784
-1.004
-1.204
-1.384
-1.924
Table B.4: Turbine tone spectrum
Harmonics number loglo S (dB)
1 -0.1538
2 -0.6346
3 -1.1731
4 -1.6538
5 -2.1846
6 -2.6731
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Appendix C
Acoustic Instrumentation and Data
Reduction Techniques
The acoustic instrumentation, including microphones, amplifiers, and the DAQ procedure
is described below.
C.1 Microphone Instrumentation
The B&K 4135 microphones are directly connected with a preamplifier, type 2669 via
UA0035 1/4 to 1/2 adapter. A microphone Multiplexer, type 2822 supplies direct power
to the microphones through connection cables, type 2669 B. The acquired voltage is trans-
fered through BNC cable from the multiplexer to an isolation amplifier. The isolation am-
plifier reduces electric noise and further amplifies the signal. After the isolation amplifier,
the signal goes into the DAQ system. The schematic of the microphones and associated
hardwares are shown in Fig.C-1.
C.2 Sound Generation
An Aura Sound speaker, type NSW-1-205-8A (Fig.C-2) was used to generate tone noise at
various frequencies. The diameter of the speaker cone is 25 mm, which is roughly the size
of the intake and the nozzle of the engine. The speaker is a full range speaker and generates
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4135 Microphone Type 2669 To Data
Cartridge Preamplifier Acquisition System
M ultiplexer /
UA 0035 2669 B
1/4 to Adaptor Connection Cable
Figure C-1: Schematic of microphones and associated hardwares [25]
Figure C-2: Aura Sound type NSW-1-205-8A speaker
high SPL over the entire human audible range as shown in Fig.C-3. Table C.1 summarizes
the characteristics of the speaker.
A WAVETEK signal generator, model 171 was employed to generate harmonic signals,
and a Yorkville amplifier, type AP 4020(Fig.C-4) yielded 25.4 V peak-to-peak amplitudes
to ensure sufficient signal-to-noise ratio.
A white noise generator was used to carry out simultaneous measurements over the
entire audible frequency range to investigate the directivity of the silencer. A Goldline
audio noise source, model PN2W (Fig.C-5) was employed to generate the white noise. The
characteristics of the noise generator are summarized in Table C.2. Pink noise is more
conventional for a silencer experiment because of its flat spectrum characteristic in a one-
third octave band spectrum. However, as shown in Fig.C-6, pink noise does not yield
sufficient signal-to-noise ratio at high frequencies. Since white noise yields a sufficient
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Figure C-3: Speaker characteristics [38] and measured data: Im 2.83V amplitude
Figure C-4: WAVETEK signal generator model 171 (top) and Yorkville type AP 4020
amplifier (bottom)
171
P111
Table C. 1: Characteristics of AURA Sound NSWI-205-8A
Speaker Property Value
Nominal diameter 25 mm
Nominal Impedance 8 Q
Sensitivity 78 dB @ 1 kHz
Power capacity RMS: 5 W, Peak: 25W
Frequency range 220 Hz - 1.5 kHz
Minimum impedance 7 Q
Net weight 52.3 g
Figure C-5: White noise generator, Goldline model PN2W audio noise source
signal-to-noise ratio, white noise was selected as the sound source.
C.3 Data Acquisition Scheme
The output signal from the multiplexer is recorded and analyzed after being processed
through the following devices. First, the data is passed through an isolation amplifier. This
isolation amplifier isolates the ground of the multiplexer and the DAQ board in order to
reject electrical noise. The device also amplifies the incoming signal by a factor of approx-
imately 10. In addition, to eliminate the noise introduced by the amplifier itself, the data is
passed through an electric filter. The processed data is fed into a National Instruments (NI)
LabVIEW@installed computer via a NI PCI-6143 DAQ board. The DAQ board converts
the analog input signal to a digital output signal. The LabVIEW@computer records the
acoustic data as time-domain waveforms in units of electric voltage. Post-processing of the
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Figure C-6: Reduced SPL using baseline silencer configuration measured with pink and
white noise
Table C.2: Characteristics of Goldline model PN2W white noise generator
White Noise Property Value
Outputs Signal out, impedance of 620 0
Output level Continuous 83 dB - 85 dB ref, 98 dB SPL, 62 mV
Frequency range 20 Hz - 20 kHz
Power requirements 9 V battery
acquired data was carried out using MATLAB@. The MATLAB@program converts the
raw data to a frequency spectrum using Fast Fourier Transformation (FFT) to analyze its
acoustic characteristics. Table C.3 shows the characteristics of the DAQ board used in this
experiment.
C.4 Microphone Calibration
To convert voltage data to pressure data, a microphone calibration coefficient was neces-
sary. Fig.C-7 shows a typical calibration chart of a microphone. According to the chart, the
microphone has a constant sensitivity in the frequency range of interest. Thus, the same
calibration coefficient can be used for different frequencies.
Since the DAQ system had an isolation amplifier, the calibration coefficients provided
from B&K were not useful. The microphones were, therefore, individually calibrated using
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Table C.3: Channel, speed and resolution specifications of NI PCI-6143 DAQ board [25]
Property Description
Bus PCI,PXI
# of Analog Input Channels 8
Input Resolution 16 bit
Sampling Rate 250 kS/s per channel
Input Range ± 5 V
Digital I/O 8
Counter/Timers two 24-bit
Trigger Digital
£qT c aunoa OafC 'iN0m OhM
1Wm No 2072159
Cerom, -49.0 ra vP
#qd tM 3. 95 mViPa
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Figure C-7: Typical calibration chart of B&K 4135 microphone [25]
a B&K pistonphone, type 4228. The calibration coefficient Kmic was obtained by measuring
a reference tone from a piston phone. The reference tone of 124 dB ref 20g Pa at 250 Hz
was generated.
The calibration coefficient was calculated by,
Pre * 1 0 (SPL/20)Kmic = (C.1)Vm ic
p2
SPL = 10loglo 2
Pl
(C.2)
and Pre = 20p Pa.
Also, the measured SPL is related to the SPL provided by the calibration piston phone
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with,
SPLpist via,
SPL = SPLpist + Lp + Lv (C.3)
where Lp and L, are pressure and volume corrections respectively. The SPL varies de-
pending on ambient pressure, and the correction is read using a Correction Barometer, type
UZ0004.
A correction was made for the volume calibration, as a different volume was measured
from that of the factory calibration. The volume correction is given by,
L, = -20log ( Vload + 18.400cm 3  dB (C.4)19.733cm3
where Vload is the actual effective volume of the microphone (sum of the front volume and
the microphone equivalent volume), which is 0.0 for K&B 4135 microphones.
The calibration of the microphone was conducted in MATLAB®. The sampling fre-
quency fsam for the calibration was 40 kHz, and data sampling period was set to 10 seconds.
The detailed description of these parameters is presented in the next section.
C.5 Data Processing
The data reduction was conducted in MATLAB®. The first step is removing a bias from
the time-domain waveform. The bias b is calculated as,
b = V (C.5)
N
In order to evaluate the SPL of each frequency band, the data needs to be converted to a
frequency spectrum via a FFT. The data sampling frequency was determined based on the
Nyquist frequency,
fNyq = f (C.6)
Signals with frequencies lower than fNyq are resolved accurately. In order to resolve the
sound of the human audible range, the sampling frequency was set to be 40 kHz. Moreover,
a sampling time of 10 seconds was used to prevent random acoustic disturbances. Since
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the LabVIEWgcomputer does not have enough memory space to store the sampled data
of 10 seconds, The two data sets of five seconds of sampling were measured in each case.
Before implementing the FFT, a window filtering was applied to the raw data. The
purpose of the window function is to reduce the magnitude of the discontinuity between
the beginning and end of the data series. To represent an infinite length data set, the FFT
processing assumes that the data series are periodic. Thus, a large discontinuity can cause
sudden periodic steps that yield noise over a wide frequency range.
The data series of 10 seconds is split into 10 data windows. and a Hanning window was
applied to each of the data series. The Hanning window function is defined as,
1-cos27t/T, O<x<T
w(t) = (C.7)
0, else
The characteristics of Hanning window are listed in Table C.4 together with a standard
rectangular window that does not filter the signal. As shown in the table, the Hanning
window has some advantages over the rectangular window as itemized below.
1. smaller ripple in the passband (1.4 dB)
2. larger sidelobe attenuation (highest sidelobe, -31.5 dB)
3. higher selectivity due to smaller 60 dB bandwidth
The difference due to the application of different windowing functions is demonstrated
in Fig.C-8(a) and Fig.C-8(b). The applied tones for both spectra are the same; the difference
in the figures is due to the window functions. A clearer tone is observed in the spectrum
using the Hanning window.
After filtering the data with the windowing function, the FFT is applied to the data
to convert it from time domain to frequency domain. The number of data points in the
frequency domain were determined based on the desired frequency resolution. The relation
between the frequency resolution Af and the number of data points N is described as,
Af = fsam (C.8)N
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Figure C-8: Frequency spectrum of calibration tone of 250 Hz
Table C.4: Frequency domain characteristics of rectangular and Hanning window [25]
Window Noise 3 dB Ripple Highest Sidelobe 60 dB Shape
Band- Band- Sidelobe Fall-Off Band- Factor
width width rate per width
Decade
Rectangular Af 0.89Af 3.92 dB -13.3 dB 20 dB 665Af 750Hanning 1.5Af 1.44Af 1.42 dB -31.5 dB 60 dB 13.3Af 9.2
In order to obtain a reasonable frequency resolution, N was set to be 215. This number
of data points returns a frequency resolution of Af = 1.2 Hz at a sampling frequency of
fsam = 40 kHz.
The frequency domain data is multiplied by the factor of the microphone calibration
coefficients to convert the voltage data to SPL by,
Pmic = Kmic Vmic
and
(C.9)
P2
SPLmic - 10loglo P ic
ref
(C.10)
where Pref = 20 y Pa.
The noise attenuation is evaluated in one-third octave band spectra. The intervals of the
bands are summarized in Table C.5.
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Table C.5: One-third octave band
lowerbound middle upperbound lowerbound middle upperbound
90 100 112 1400 1600 1800
112 125 140 1800 2000 2240
140 160 180 2240 2500 ,2800
180 200 224 2800 3150 3550
224 250 280 3550 4000 4500
280 315 355 4500 5000 5600
355 400 450 5600 6300 7100
450 500 560 7100 8000 9000
560 630 710 9000 10000 11200
710 800 900 11200 12500 14000
900 1000 1120 14000 16000 18000
1120 1250 1400
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Appendix D
Data Reduction Techniques for Mixer
Experiments
D.1 Data Conversion Scheme
The pressure data is recorded by the LabVIEWTM program with a unit of electric voltage,
and converted to the velocity simultaneously. The sampling frequency is 4000 Hz. The
data scanning period is five seconds and the program has two seconds of delay time before
starting the scan to allow the flow field to settle. The mean pressure value is instantaneously
calculated by the program and the velocity is computed based on the averaged value using
the calibration coefficients of the transducers. The calibration procedures are described in
Section D.2 The velocity is thus calculated from the measured dynamic pressure.
Dynamic pressure Pd = 1pu2 (D.1)2
The density of air was 1.186 kg/m 3, which corresponds to the average temperature of the
facility of 23°C.
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D.2 Pressure Transducer Calibration
The pressure transducers were calibrated using a Dwyer water column or the Setra digi-
tal pressure gauge. Since the pressure range of the water column is 0 - 5 "WC, the water
column was used for the calibration of the low pressure range transducer (Omega PX653-
02D5V). The pressure range of the transducer PX653-02D5V is 0 -2 "WC, and is appropri-
ate to measure the velocity distributions at the duct exit because the maximum pressure is
approximately 1.5 "WC. On the other hand, the Omega PX653-25D5V and the Setra trans-
ducer 1107769 were calibrated using the Setra digital pressure gauge. The Setra digital
pressure gauge was also used as the reference barometer.
The Pitot probe was placed at the center of the core jet, and the flow velocity was con-
trolled using the gate valve. The pressure transducers have linear response characteristics.
Hence, roughly 10 data points were recorded for one case of the calibration, and the slope
and the intercept values were computed using least-squares method. Fig. D-l (a) shows the
measurement data and the calibrated line of the Omega PX653-02D5V transducer. The
discrepancy between the measured data and the calibrated line is less than two percent. On
the other hand, the Setra transducer 1107769, which has the widest pressure range, yielded
a larger calibration error at low pressure, as shown in Fig.D-1(b). The difference is due to
the nonlinear transducer response at low pressure, which corresponds to cold flow of 0 -
2 m/s velocities. In order to obtain repeatability of the measurement and to measure the
velocity distributions as accurate as possible, multiple tests were carried out.
D.3 Data Interpolation and Processing
The spacial resolution of the velocity distribution was set to 7.25 mm, which is half the
nozzle diameter. The interval of the interpolated data is 1 mm x 1 mm and a higher order
numerical interpolation scheme was used. Fig. D-2 shows the interpolation schematic. Four
measured data points are used in the interpolation. The interpolated values are calculated
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Figure D- 1: Calibration data and approximated line
Su(a,b) - u(a- 1,b)
b = (a) (x(i, j) - x(a - 1, b)) + u(a - 1, b)
x(a, b) - x(a - 1, b)
u(a, b - 1) - u(a - 1, b - 1)
ub-1 - x(ab- 1)-x(a (x(ij) - x(a - 1, b - 1)) + u(a - 1, b - 1)
x(a, b- 1)-x(a-1, b-l)
u(ij)= Ub - Ub-(ij) = b-1 (y(i, j) - y(a, b - 1)) + Ub-1y(a, b) - y(a, b - 1)
(D.2)
(D.3)
(D.4)
The differences between the raw data and the interpolated data due to the post process-
ing are illustrated in Fig.D-3(a) and Fig.D-3(b). This case is the baseline ejector configura-
tion, and is denoted "closed jet". Only positive velocity are indicated in the contours.
D.4 Measurement Repeatability and Grid Sensitivity
The velocity distributions of two cases were measured several times on different days to
ensure repeatability of the results. One case is the baseline ejector configuration, the closed
jet. In order to investigate the measurement grid sensitivity, a case with finer intervals (5
mm x 5 mm ) was also measured. The previous case had a primitive vortex generator ring
inside the duct and the ring was only used for this analysis.
The flow field with a VG ring in place is inherently unsteady due to the streamwise
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Figure D-4: Mass flow rate as a function of threshold velocity
vortices. Thus, the scanning period needs to be long enough to obtain repeatable quasi-
steady data. After several attempts, repeatability was achieved as shown in Fig.D-4. The
maximum error is ± 2.5 percent of the measured data. Threshold velocities were applied
to define the integration range sum that
h = _ pudA (D.5)
v>threshold
No significant differences were observed between the two different intervals.
The results were obtained using a Kiel probe instead of a Pitot probe. Due to the
different probe type, the measured mass flow rate is slightly less than that measured by the
Pitot probe. The reason for the discrepancy is suggested to be due to reverse flow near the
edge of the shear layer. The influence of the velocity around the shear layer on the total
mass flow is described in Appendix ??.
D.5 Measurement Error
Accounting for the error sources in the DAQ system and process, the overall measurement
error was estimated. Since the velocity is derived from the dynamic pressure measure-
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Table D. 1: Magnitude of measurement error sources
Calibration -±1%
Transducer ±0.25%
Air density ± 1%
Flow meter ±2%
Flow meter float position ± 1%
ments, the density error due to the air temperature shift needs to be accounted for. Other
sources of the errors are the bias of the flow meter and the inaccuracy of the float position
measurement. The magnitudes of each error source are summarized in Table D. 1, and the
greatest error source is the bias error of the flow meter.
From the above, the overall error of the mass flow rate is calculated to be 2.3 percent:
(pu) 2
(rh = V(0.02)2 + (0.01)2 = 0.022 (D.7)
'(m/h) = ((0.005) 2 + (0.022)2 = 0.023 (D.8)
This error is in the same range as the repeatability error.
D.6 Performance Metrics
Three non-dimensional metrics are used to evaluate the experimental results. The mass flow
ratio indicates the overall ejector pumping capability. The ratio is calculated according to
I pudA
j v>lhn/m = 1 (D.9)
where the mass flow rate of the reverse flow is included in the entrained mass flow rate.
The stagnation pressure coefficient is used to determine the magnitude of loss. The
definition of the stagnation pressure coefficient is defined in Eq.3.4. In order to calculate
the mass averaged values, assumptions have to be made in the data reductions.
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Assuming that the static pressure at the exit is uniform and equal to the ambient pres-
sure, the mass averaged stagnation pressure becomes,
f (!pu2+Po)pudA
t, = f v(D.10)f pudA
v> l
The stagnation pressure drop of the entrained flow near the intake is neglected. Hence,
the intake stagnation pressure of the entrained flow is assumed to be at ambient pressure.
Since the magnitude of the reverse flow is unknown, all of the entrained flow is assumed to
enter the ejector duct from the intake windows. The mass averaged stagnation pressure of
the core flow at the nozzle exit is therefore,
1 pudA m/s (D. 11)
2p A2 -Aj
pu +PJ )h +Po f pudA - thj
_J>Im/s (D.12)
inflow f pudA
vlm/s
The ratio of stagnation pressure coefficients is based on the baseline closed jet in order
to examine the effects of the ejector augmentation methods. The velocity ratio based on
the peak velocity of core jet at the nozzle exit is used to assess the magnitude of velocity
non-uniformity.
Cpt ratio = Cptw/ augmentation (D. 13)
Cptbaseline
u/ =  u (D.14)
Upeak
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Appendix E
Vortex Generator Ring Fabrication
Procedure
The vortex generator ring is made from a 0.032 inch thick stainless plate. A threaded steel
rod (10-32) is used for the ring to support the ring. The procedure is itemized below and
illustrated in Fig.E-1. The jigs for different segment angle in the ring are shown in Fig.E-
2(a) and Fig.E-2(b).
1. Foam a saw-toothed strip with a water jet cutter. Each tooth is a tab.
2. Remove the rib of the piece with a file.
3. Clamp the piece on a vice.
4. Bend the tabs to both sides.
5. Punch the tabs with the wedge shape jig.
6. Remove from the vice and check the tabs' alignment
7. Fold the strip to a ring shape with the octagon jig.
8. Close the ring and attach to the rod by silver soldering
187
(2) (3)
(7) (6) (5)
Figure E-1: Vortex generator ring fabrication procedures
(a) Wedge shape jigs (b) Octagon shape jig
Figure E-2: Jigs to fold vortex generator ring
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Appendix F
Iso-thermal Wall and Adiabatic Wall
Boundary Conditions
The influence of the boundary condition in the dilution liner simulations was examined.
The aim of this analysis is to compare three-dimensional CFD simulations of iso-thermal
liner with and adiabatic liner calculation. Fig. F-l (a) and Fig.F- 1(b) show the temperature
contours at the same cross-sections. The injected jet structures are visible and in general
the two cases show good agreement. Furthermore, the averaged temperature profiles at the
duct exit are of similar shape.
The exception is the temperature profile neser the centerline. The iso-thermal liner case
yields slightly higher temperature than the adiabatic case. As shown in Fig.F-3, flow re-
circulation is observed downstream of the endwall of the dilution liner. Due to separationa
and near stagnation point downstream of the liner, and increased temperature is observed
in the iso-thermal liener case.
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Temperature: 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
(a) iso-thermal wall BC
1 12 1.4 16 18 2 2.2 2.4 2.6 2.8 3
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
(b) adiabatic wall BC
Figure F-1: Cross-sectional view of temperature contours along centerline of dilution holes
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320 3,
Temperature (K)
360
Figure F-2: Temperature profiles of iso-thermal and adiabatic wall BC CFD simulations at
duct exit
Figure F-3: Streamlines of iso-thermal wall BC CFD simulation
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Appendix G
Engineering Drawings of Experimental
Apparatus
All of the components of the silencer and the components of the ejector duct were machined
at MIT and the detailed drawings are given here.
N
Figure G- 1: Various components of POC silencer
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Figure G-2: Silencer overview
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